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PREFACE 


The primary purpose of this book is to facilitate the solution of 
the many and various technical problems which confront engineers 
in the specification, selection, application, and operation of trans¬ 
formers. With clarity and usefulness as the guiding principles, over¬ 
generalization at the expense of ease of application has been avoided, 
and discussions of only academic interest have been omitted. Empha¬ 
sis has been placed on presenting the essential physics concerned in 
each problem, rather than giving a complete or exact mathematical 
treatment. Nevertheless, mathematics has been used as freely as 
seemed necessary for the adequate solution of the various problems. 

No attempt has been made to include elementary material easily 
obtainable in college textbooks or in handbooks. Rather, the aim has 
been to continue the subject where these publications stop. Descrip¬ 
tive material, easily obtainable from manufacturers’ bulletins and 
instruction books, has also been omitted. 

Since the book deals with the technical problems incidental to the 
operation of transformers, the subject of transformer design has been 
discussed only in so far as seemed useful in the solution of these 
problems. 

The varied information and the cooperative effort that have made 
the writing of this book possible are the result of the association of the 
authors in the work of the Transformer Department of the General 
Electric Company. This Department has for many years been a 
focus toward which technical problems associated with transformers 
have naturally gravitated. It is hoped that the book will perform a 
useful service to the electrical industry by bringing this information 
up to date and collecting it in convenient form. 

Thanks are due to Walter S. Moody, whose vision was largely 
responsible for initiating this endeavor, and to Frederick F. Brand, 
whose active support, criticisms, and suggestions in reviewing the 
manuscript have been invaluable. We are also indebted to members 
of the staff of the Advanced Course in Engineering of the General 
Electric Company for their reviews and helpful suggestions. 

L. F, Blume 
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TRANSFORMER ENGINEERING 


CHAPTER I 

THE GENERAL NATURE OF TRANSFORMER PROBLEMS 

By L. F. Blume 

The Transformer as a Factor in the Development of the Electrical 
Art. The almost universal use of the alternating-current system for 
the transmission and distribution of electrical energy is largely due 
to the fact that circuits of different voltages can be linked by a simple, 
convenient, and reliable device—the static transformer—making it 
possible for the generator, the transmission line, the secondary dis¬ 
tribution system, and, finally, the great variety of loads to be operated 
at their most suitable voltages. Without this unique ability of the 
transformer to adapt the voltage to the individual requirements of 
the different parts of a system, and to maintain substantially constant 
voltage regardless of the magnitude of the load, the enormous develop¬ 
ment and progress in the transmission and distribution of electric 
energy during the past fifty years would not have been possible. 

This ability is derived from the simple fact that it is possible to 
couple the primary and secondary windings of the transformer in 
such a way that their turn ratio will determine very closely their 
voltage ratio and the Inverse of their current ratio, resulting in the 
output and input volt-amperes and output and input energies being 
approximately equal. By virtue of these simple relationships, the 
transformer serves as an economical and efficient means of deriving 
that voltage which is best suited to the needs of each individual appli¬ 
cation, and at the same time connecting all into one system. 

Dominant Factors in Transformer Progress. The development of 
the transformer, especially in the early period of its growth, took the 
form of a persistent attempt to approach more closely this ideal 
condition of the loss-less transformation of power. The most notable 
means by which this has been accomplished have been: 

(a) The development of non-aging low-loss silicon steels by virtue 
of which all transformers have become smaller, lighter, less costly, 
and more efficient for a given output. 
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(b) The use of oil as an insulating and cooling medium, thereby 
increasing greatly the permissible voltages for a given insulation 
spacing, and at the same tiftie greatly facilitating the carrying away 
of the internal heat through small ducts from the interior. This 
second factor alone has made it possible to extend vastly the sizes of 
transformers. The consequence of these two developments has been 
that large power transformers have reached efficiencies of approxi¬ 
mately 99.5 per cent, and sizes greater than 50,000 kv-a. have been 
built and put into successful operation. . The significance of these 
figures can best be appreciated by noting that during the first decade 
of the transformer business, efficiencies better than 90 per cent were 
not attainable, and in that period, it was seriously debated whether 
transformers could be successfully built and operated in sizes greater 
than 10 kv-a. 

(c) The improvements in solid insulating materials, methods of 
impregnation, design structure, and shielding, whereby the voltages 
for which transformers could be insulated economically have been 
increased indefinitely, so that today ten million volts are common¬ 
place in the laboratory. Although the highest transmission voltage 
at the present time is only 287,000 volts, the reason is not a limitation 
in the transformer design, but present lack of economical projects for 
higher voltage transmission. 

The Practical Significance of the Equality of Input and Output. 

So closely does the average transformer approach the ideal that, for 
many purposes of calculation, without serious error, the transformer 
may be assumed a perfect device for the transformation of power. 
Accordingly, the turn ratio may be taken as the voltage ratio and the 
inverse of the current ratio. As an* example of the usefulness of this 
approximation, the determination of current and voltage relations in 
polyphase transformer connections may be cited, for by simply 
equating the input and output kilovolt-amperes, the primary and 
secondary currents in most cases can be quickly determined. Thus, 
in three-phase to two-phase transformations, as the three-phase kv-a. 
is 1.73 Eili and the two-phase kv-a. 2 E 2 I 2 , it follows that the equation 

1.73£i/i = 2 E 2 I 2 

is useful to determine the currents and voltages for the majority of 
transformer connections involving the transformation of three-phase 
to two-phase circuits. 

Diversity of Transformer Problems and Their Origin, To the 

casual reader, it may appear that this simple, approximate relationship 
is quite inconsistent with the large variety of complicated transformer 
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l)roblems justifying the v/riting of such a book as this. It may there¬ 
fore be of interest to state some of the circumstances which have 
brought about such a great diversity of problems and have made it 
desirable to make their solution generally available. 

Although for a first approximation we may assume that the 
transformer possesses the ideal characteristics of loss-less transfor¬ 
mation, still it is apparent that the accurate determination of the 
i^xtent to which a transformer departs from the ideal relationship is a 
lU'cessary procedure in design, as well as for the purpose of comparing 
designs. Impedance, regulation, exciting current, losses, and effi¬ 
ciency are each in some respect direct measures of the departure of the 
I ransformer from the ideal relationship. 

The necessity of accurately determining these various charac- 
Ieristics accounts, in itself, for one important group of transformer 
problems. To this must be added two other considerations on account 
of which the aggregate number of transformer problems is greatly 
iiH'ix'ased. First, practically every one of the above characteristics 
iilh'cls in some major way the operation either of the transformer or 
<>f (lie system to which it is connected, and the appropriate determina- * 
lion and control of these influences are obvious necessities. As a 
simple example, short-circuit phenomena in systems are appreciably 
jdh'cled by the impedance of the transformer, and, as unsymmetrical 
f/ilioi t circuits may take place on any of a great variety of transformer 
eoiiiu'ctions, a complex variety of short-circuit calculations results. 
Scf'ond, the relative importance of the various characteristics influ- 
I'lK iiig operation varies widely depending upon the kind of service for 
w liicli (he transformer is intended, and, for this reason, for particular 
iipplicalion, certain characteristics, being desirable, are profitably 
rated, and other characteristics, being considered undesirable, 
.itr suppressed. For example, as distribution transformers for the 
mosi pari are located at the far end of systems, high efficiency at light 
Iii.mIs becomes a dominating consideration, and for that reason the 
pi nporl ioiial amount of iron and copper differs much from the accepted 
piariic’e for power transformers. 

Simplification in Analysis. In dealing with the practical solution 
III I lie m;iiiy transformer problems which arise as a consequence of 
(Ih .ibove si I nation, much unnecessary labor may be avoided by dis- 
I Mir', nisi ling ca refill ly between those characteristics which may be 
nrgiri led, willioiit danger of appreciable error, and those other char- 
n lei i^ii ies wliitF may have a major influence on the particular problem 
HIM lei ( onsideralion. 'The careful selection of the appropriate approxi- 
m.tlioMs greatly facilitales the practical solution of the transformer 
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problem. This may be best illustrated by discussing some of the 
more common useful approximations, their significance and their 
associated problems. 

The Transformer, a Series Reactance. Consideration of the 
transformer as a current- and voltage-transforming device, plus a 
device introducing a series reactance into the circuit between the input 
and output lines, provides a simple yet perfectly adequate conception 
of the transformer for a certain class of problems. 

The calculation of the value of short-circuit currents under all 
kinds of fault conditions became necessary in order to determine the 
size of circuit breakers, to design the relay system and to determine 
the electromagnetic forces within the transformer. For all such 
calculations, it is sufficient to ^consider the transformer simply as a 
series reactance. Equality of primary and secondary ampere-turns is 
assumed, but voltage ratio and turn ratio may no longer be equated. 
The internal reactance of the transformer, first looked upon as an 
undesirable characteristic to be reduced to the smallest possible value 
without undue cost and complexity in design, gradually became 
recognized, with the growth of transformers and power stations, as a 
valuable aid in the limitation of short-circuit currents. As the value 
of internal reactance for large transformers gradually became appre¬ 
ciated, values as high as 10 per cent have come to be recognized as good 
practice. 

The complications and difficulties involved in the accurate prede- 
termination of transformer reactance have progressively mounted, 
rather than diminished, with the increasing complications of winding 
arrangements, which have become necessitated by taps for controlling 
ratio and by insulation requirements. 

The Transformer^ a Series Impedance, In another important 
group of transformer problems, such as voltage regulation, the series 
resistance, as well as the series reactance, must be taken into considera¬ 
tion. The transformer then becomes a series impedance made up of 
resistance and reactance components. Not only the calculation of 
regulation, but also the selection of transformers for successful opera¬ 
tion in parallel or in polyphase banks requires an accurate knowledge 
of their impedance characteristics. 

A major development necessitated by the voltage regulation result¬ 
ing from series impedance (of both the transformer and the circuit to 
which it is connected) has been the evolution of a method of adjusting 
or controlling transformer ratio, so as to compensate for voltage regula¬ 
tion. The first step in this direction was to provide a number of taps 
on the transformer and a terminal board mounted inside, by means 
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of which the ratio could be adjusted to the most suitable value. The 
next step was to provide a multistep switch or “ ratio adjuster ” with 
an operating handle brought out so as to facilitate the changing of 
laps. However, in either case, it was necessary to take the transformer 
out of service before any change could be made, and this limitation 
practically reduced the function of these devices merely to that of 
adjusting the ratio to the average operating load. Compensation for 
rt'gulation due to daily load cycles could not be obtained. The final 
slop, consisting of the development of “ load ratio control,’' and “ step 
voltage ” regulators, permitted changing transformer ratio under load. 
By having the equipment motor operated and controlled from a dis¬ 
tance, the operating objections to series impedance have, to all prac- 
(i('al purposes, been overcome. 

The Transformer, a Shunt Impedance. In the problems thus far 
numtioned, those arising from the series impedance of the transformer, 
(lie open circuit, or exciting characteristics of the transformer were 
ignored. Similarly, the problems arising on account of the exciting 
characteristics of the transformer can be studied by ignoring the 
Hcries impedance. The major considerations under this head are core 
loss, rush of magnetizing current, and the harmonics in the magnetizing 
current introduced by the non-linear characteristics of the iron core. 

The development of special steels for the purpose of reducing 
(he shunt or no-load losses of the transformer has been previously 
mentioned as one of the major contributions of research to the trans¬ 
former art. One quite natural result of this development has been the 
production of a variety of grades of steel, enabling the designer to 
W'lect that quality most suitable to the particular transformer under 
I’onsideration. The very highest quality of low-loss steels has been 
nscd in the design of transformers destined for operation on feeders 
mid distribution networks near the load, far from the source of power, 
11 K (lie cost of supplying the losses to a transformer so located is rela- 
(ivi'ly large. Perhaps even a more important reason for providing 
t‘\(ia-low-loss steels in such transformers is the fact that they are 
gr lie rally called upon to deliver maximum load for only a short period 
liming the day, making low core loss much more important than low 
I upiu'i* loss. The result of this situation is that such transformers not 
niily ar(‘ supplied with special high-quality steels, but also are deliber- 
iilrly designed with a core loss as low as one-third of the full-load 
( nppiT loss, in order that high all-day efficiency may be obtained. 

Dissipation of Losses. The problem of maintaining the trans- 
fni iiier temperature within safe limits is by no means absent in small 
(I .msformers. However, the natural law that the heat to be dissipated 
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increases as the cube of the linear dimension and the surface area 
through which the heat mu^ pass increases only as the square of the 
linear dimension, plus the fact that, in larger units, the heat has to 
travel a longer distance to reach the outside, has given rise to a 
number of thermal problems in large units. Naturally, considerable 
engineering talent has been focused on the design of tanks for effective 
heat dissipation, and this has resulted in the development of a variety 
of methods for the cooling of large transformers. The most conspicu¬ 
ous features of large transformers are the various cooling devices, 
cooling tubes and radiators, massed on the available surfaces of the 
tanks, in many instances supplemented by a battery of fans, or a 
cooling system consisting of blower and ducts. Frequently, in the 
design of large transformers, it is found that increasing the efficiency 
above the minimum acceptable values actually results in an overall 
cost reduction by reducing the difficulty of providing adequate means 
for the disposal of the internal heat. 

Other Considerations Affecting Shunt and Series Impedances. 
Instrument transformers are good examples of the effect of one char¬ 
acteristic becoming dominant in design, for, in the potential trans¬ 
former, the need for good voltage-ratio accuracy requires the reduction 
of the series impedance to the minimum, while in current transformers, 
the need for good current ratio accuracy requires the reduction of the 
exciting current to the minimum. 

Problems arising on account of the transient inrush of magnetizing 
current and the harmonics in the magnetizing current, although not of 
major importance, as they have not influenced greatly the design or 
operation of transformers, nevertheless on occasion are sources of 
trouble, and for that reason an adequate discussion of them is highly 
desirable. 

The Transformer, a Distributed Capacitance. In still another 
class of problems, satisfactory approximation requires that the trans¬ 
former be recognized as a distributed capacitance, with or without 
shunt reactance. 

One of the most interesting, as well as important, considerations 
which have engaged the attention of many engineers over many years 
has been the puzzling behavior of transformers towards overvoltage 
transients. For when rates of change of voltage are sufficiently great, 
as they are with switching phenomena and lightning surges, internal 
capacitance, which in all other problems may be and is completely 
ignored, begins to play a very disturbing role. The transformer may 
react in a manner somewhat like a transmission line, or even as a pure 
capacitance. In fact, the behavior is so complex, depending not only 
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upon the shape and duration of the impulse but also upon the internal 
structural arrangement of the windings, that for a long time no ade- 
cjuate analysis was available. It was then necessary, in order to safe¬ 
guard transformers from the destructive effects of these abnormal 
transients, to use very large insulation clearances, especially at the 
line ends. Adequate theoretical treatment of this problem, resulting 
from the study of the transformer winding as a group of capacitances 
and inductances interacting on each other, has in recent years resulted 
in the accurate qualitative calculation of this phenomenon and has 
brought about a major change in the design structure of high-voltage 
transformer windings and has introduced the principle of shielding. 
Hy the use of this principle it has become possible to decrease the 
insulation clearances and greatly increase the operating reliability of 
the transformer. 











CHAPTER II 

EXCITATION CHARACTERISTICS OF THE TRANSFORMER 
EXCITING CURRENT AND CORE LOSS 

By a. Boyajian and G. Camilli 

Significance of Exciting Current. The voltage transformation 
effected by a transformer is accomplished at the expense of an exciting 
current. This has a power component, corresponding to the no-load 
loss, which is practically all core loss, and a reactive component, corre¬ 
sponding to the reversible magnetization of the core, which is wattless. 
Actually the no-load or excitation loss of a transformer includes also 
copper loss and insulation loss, in addition to the core loss. These, 
however, are very small: in the absence of circulating currents, a 5 per 
cent exciting current produces a copper loss equal to only 0.25 per cent 
of the primary copper loss at full load, and is therefore wholly negligi¬ 
ble. The insulation loss becomes noticeable only at the highest volt¬ 
ages, but even then, at commercial frequencies, it is found to be quite 
negligible in comparison with the core toss in the larger units. 

Since the exciting volt-amperes of a transformer represent the 
power and reactive losses in the core, it follows that the excitation 
characteristics of a transformer are determined completely by the core 
design, and that winding design affects them only in so far as it deter¬ 
mines the flux density in the core- Thus, given the weight, quality, 
structure, and flux density of the core, the excitation characteristics of 
the transformer, including even the harmonics, can be calculated with¬ 
out reference to the windings. Furthermore, since differences in the 
quality, structure, and flux density among different sizes of a line of 
transformers are relatively small compared with the differences in their 
weights, therefore, it is possible to make an estimate of the no-load 
watts and volt-amperes of one transformer in terms of another from 
the relative weights of their cores alone, regardless of their voltage 
and kilovolt-ampere ratings and type of winding design. In fact, the 
order of magnitude of the no-load watts of a transformer may be very 
roughly estimated by allowing one watt per pound of weight of the 
core for 60-cycle power transformers, and half a watt per pound for 
the pole-type transformers, the latter being generally designed for 
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operation at much lower densities than the former. Fig. 1 gives the 
core-loss characteristic of sheet steel of average quality. 

The volt-amperes per pound are more variable than the watts per 
pound, for the reason that the wattless component, which is generally 
from 5 to 20 times the watt component, is far more sensitive than the 
watt component to differences in flux density. Fig. 2 gives the volt- 
ampere characteristic of sheet steel of average quality. This is given 
per inch instead of per pound, on account of the joints. The per 
pound values can be estimated from the fact that the power factor of 
I he exciting current ranges between 5 and 25 per cent, depending on: 
(1) quality and thickness of the sheet steel, (2) flux density, (3) fre- 
(juency, and (4) quality of the joints and their number per unit length 



ol' lli(‘ magnetic circuit. It is independent of the coil design; indepen¬ 
dent of voltage, current, and kilovolt-ampere ratings (except in so far 
nr* they may influence the number of joints per unit length of the mag- 
nelic circuit, or the intersheet eddy current losses in the core); and 
Ihdcpi’iidcnt of the size or weight of the core. 

I li^luM'-quality silicon steels tend to give lower power factors to the 
nh* iliiiK current, because the reduction in their losses is generally much 
^rralcr than the improvement in their permeability. Higher-density 
operation also tends to give lower values, because with increasing den- 
Bil \' ill I lu‘ op(M*ating range the magnetizing volt-amperes increase very 
niiH 1 1 l asl.er than the power losses. 

II follows fiien that higher or lower values of exciting current power 
I Ml lor arc noL iict:cssarily indicative of quality. What is desirable in 
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the way of quality is minimum values of both power and reactive com¬ 
ponents, that is, minimum fore loss and minimum exciting current. 
Of these two, the former is by far the more important consideration. 

Since the power component combines with the magnetizing com¬ 
ponent in quadrature, the effect of the power component on the 
numerical value of the resultant no-load current is generally negligible. 
Even with a large power component, represented by 25 per cent power 
factor, the difference between magnetizing component and total cur- 



Fig. 2. —Magnetization Curves of Typical Silicon Steel Sheets and Lapped Joints. 


I rent is only 3 per cent, and, therefore, the terms magnetizing current 

and exciting current are frequently used synonymously. 

Practical Limits of Exciting Current. In power transformers, the 
permissible upper limit of exciting current is generally considered as 
about 10 per cent at normal voltage, and 15 per cent at 110 per cent 
voltage, although generally transformer exciting currents are much 
smaller than these figures, sometimes as low as 2 per cent. In trans¬ 
formers of less than 1 kv-a. capacity, the foregoing limits are consider¬ 
ably exceeded. 

! 
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Testing for the Excitation Characteristics. Fig. 3a shows the nec¬ 
essary equipment and their connections for the excitation test when 
no instrument transformers are needed; Fig. 3b when they are needed, 
which is the general case. As indicated, the voltmeter should be con¬ 
nected nearest to the load, the ammeter nearest to the supply, and the 
wattmeter between the two with its potential coil on the load side of 
the current coil. When no potential transformer is used (Fig. 3a), the 
fii‘(iuency meter should be connected beyond the ammeter so as not 
(o influence the current reading. With these arrangements, the volt¬ 
age of the circuit is indicated correctly, unaffected by the measuring 
('([iiipment, while the tare reading on the wattmeter indicates directly 
(li<‘ deduction to be made from the total watts, so as to correct for the 
walls consumed by the measuring equipment. (By "tare” is meant 
I lie wattmeter reading when the load which is being measured is dis- 



tM - hiufin'ncy Meter W-=^1^0 time ter 

i ^ Amntrret V = Voltmeter 

A V ' Auet age Voltage Voltmeter 



A = Ammeter V - Voltmeter 

W = Wattmeter PT ^ Potenttol Transformer 

F.M = Frequency Meter CT = Current Transformer 

A.V -^Average Voltage Voltmeter 


I n:, Ail. — C'onnections for No¬ 
li bn I nr ICxcitation Test of a 
Sitij,;l(‘-|)hasc Transformer. 


Fig. 3b .—Connections for the Excita¬ 
tion Test, Using Current and Potential 
Transformers. 


( niiiK'cled. This reading obviously must represent losses in the mea- 
nitiiiig ('(piipment and should be deducted from the reading for the 

I .1 to olitain the net load.) 

riiese figures (3a and 3^) show two voltmeters, one designated as 
\', and n‘i)rcsenting the usual r.m.s. voltmeter, the other designated 
itM A. V. and representing an average-reading voltmeter. The purpose 
III I lie siiiiiillaiieous use of these two different types of voltage measure- 

II in 11 is to r(‘duce the measurements to sine-wave basis, because it is 

I Ml 11 id ilia I both the exciting current and the excitation watts are sensitive 
to I honyes in the wave shape of the excitation voltage as discussed below. 

Reduction of Core-loss Measurement to Sine-wave Basis. Con¬ 
st tine nh of Core Loss and Their Law of Variation. Hysteresis and 

II Illy nil rent losses are the sole constituents of the core loss of a trans- 
Ion nrr. Ill design practice, the Ccilculation of the excitation loss is 
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based on laboratory curves of total core loss taken on appropriate test 
samples, without resort to components by either empirical or theoreti¬ 
cal formulas. However, in theoretical analysis, and for purposes of 
extrapolation, formulas of the following form for the two components 
are found suitable: 

W = + k 2 pBl,f) watts per lb. (1) 


or, in terms of voltages instead of densities, 


W = 






watts per lb. 


( 2 ) 


In these equations, the first term on the right represents the hys¬ 
teresis loss; the second, the eddy-current loss; and the various sym¬ 
bols mean as follows: 


ki, k 2 , h, and k 4 . are constants of the material. 

^niax.j the actual crest value of the flux density. 

the nominal effective flux density corresponding to the actual 
r.m.s. voltage as if sine wave, 
thickness of the individual laminations. 

Cavg., arithmetic average value of the voltage. 

eefl., r.m.s. voltage. 

n is the “Steinmetz exponent.” Originally the value of this expo¬ 
nent was taken as 1.6, but since then, owing to improvements in sheet 
steel and the use of much higher densities, the value of this exponent 
is found to vary from 1.6 to 2.5 and even more. 

The eddy-current-loss equation, though purely theoretical, is a sim¬ 
plification of a more complicated exponential formula, and therefore 
may be somewhat inaccurate if applied to excessively high frequencies 
ox excessively thick laminations or excessively distorted wave shapes. 
Intersheet eddy-current losses further complicate these formulas, dis¬ 
playing a non-linear resistivity and low power factor. 

In commercial 60-cycle transformers, the eddy-current loss consti¬ 
tutes from 20 to 25 per cent of the total core loss, the hysteresis from 
80 to 75 per cent of it. 

For many years, there has been a steady reduction in the losses of 
electrical sheet steel, laboratory curves like Fig. 1 becoming obsolete 
in a short time. 

Effect of Voltage Wave Shape on Core Loss. As indicated in for¬ 
mulas 1 and 2, the hysteresis loss is a function of the average voltage 
or maximum flux density, while the eddy-current loss is a function of 
the actual r.m.s. voltage or corresponding nominal r.m.s. flux density, 
and therefore the resultant core loss is a function of tlie wave shape. 
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'riiis fact gives rise to a problem in the testing of transformer core loss, 
l)ccause, while sine-wave basis is standard for performance data, sine- 
wave excitation is not always secured for the core-loss test. That the 
lest voltage is of good wave shape on open circuit is not a guarantee 
in itself that it will be of good wave shape under load consisting of 
transformer exciting current, because the latter, being distorted, tends 
to distort the circuit voltage if the impedance of the supply circuit is 
ai)i)reciable. This is particularly true for single-phase loads on three- 
phase generators. 

Obviously, if the r.m.s. value of the test voltage used is that of the 
desired sine-wave voltage, the eddy-loss component of the observed 
i ove loss will correspond to the desired sine-wave voltage, but the 
hysteresis loss, which is the dominant component, will not correspond 
In the desired sine-wave voltage. The hysteresis component can be 
made right only by holding a voltage which gives the same maximum 
llii\ density as the desired sine-wave voltage. This is found to be 
I hat voltage which has the same arithmetic mean value as the desired 
Hine-wave voltage. Voltmeters have been developed to indicate this 
average voltage, based on the principle that if the a-c. voltage is rec¬ 
ti (ied and then impressed on a d-c. (d’Arsonval) voltmeter, the indi- 
ralioii of the instrument will be the arithmetic mean value of the 
vullage.* If such an instrument is calibrated on sine-wave voltage 
and graduated in r.m.s. volts, then, when the desired r.m.s. voltage is 
held by it, the maximum flux density and the hysteresis loss in the core 
will correspond to sine-wave voltage of the desired value, regardless 
of I lie wave shape of the impressed voltage. 

In transformer testing, therefore, the core loss corresponding to a 
dcHired sine-wave voltage is best determined by setting the value of 
any available test voltage of the right frequency by such an average- 
leading voltmeter, observing the corresponding watts and also the 
corresponding r.m.s. voltage by an a-c. voltmeter, and applying a 
simple appropriate correction to the eddy-loss component of the ob- 
»ei ved core loss, as this latter varies with the square of the r.m.s. 
voll ag<‘. 

rrocedure in the Use of the Average Voltage Method. In conducting 
an e\cilation test on sine-wave basis with a distorted test voltage, the 
lic(|iieacy should first be adjusted to the desired value. The voltage 
Hlmnld then be adjusted to the desired value using an average voltage 

* I' lM .1 discussion of the theory of the instrument and its application 

In cnii‘ loss iiiciisurcniciits, sec (a) a paper by G. Camilli entitled “A Flux Voltmeter 
Ini M.iKiictic Measurcuneiits," Transactions of the A.I.E.E., 1926; and (6) the “Pro- 
(iniird i'cNl Code for Transformers'' issued by the A.I.E.E. 
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voltmeter (Figs. 3a and 3b). Simultaneous readings of frequency, 
average voltage, r.m.s. voltage, watts, and amperes should be recorded. 
The transformer should then be disconnected, and the “tare” read on 
the wattmeter, representing the losses of the connected instruments 
and instrument transformers—a quantity to be subtracted from the 
earlier wattmeter reading—and the result multiplied by the appropri¬ 
ate current and potential transformer ratios to obtain the excitation 
loss of the transformer under test. The meter readings used should, 
of course, be corrected by the calibration of the instruments. 

Possible Error in the Eddy-Current Loss. The eddy-current loss in 
the core, being a fairly high power factor resistance loss, varies with 
the square of the r.m.s. value of the excitation voltage, substantially 
independent of the voltage wave shape. When the test voltage is held 
in accordance with the average voltage voltmeter, the actual r.m.s. 
value of the voltage may not be the rated value, and the observed 
eddy-current loss will then be a multiple or fraction of the true eddy- 
current loss by the factor K'. 


K = 


Actual eddy loss _ 

Eddy loss for sine-wave voltage 


=[ 


Actual r,m,s. voltage 
Average voltage X1.11 

Actual r.m.s. voltage 
Rated r.m.s. voltage. 


2 


2 


(3a) 

i^h) 


If the average voltage voltmeter is graduated in equivalent sine-wave 
r.m.s. voltage, as is generally the case, its indication will give directly 
the quantity in the denominator of Equation (3), that is, average 
voltage X 1.11, and will be the numerical value of the rated r.m.s. 
voltage on which the performance (5ata are to be based. 

The error in the eddy-current loss is corrected for in the total core 
loss as follows: 

Total Sine-Wave Core Loss, The true total core loss of the trans¬ 
former based on sine wave will be 


Total sine- 
wave loss ^ 


= Observed loss X 


_ 100 _ 

(% hysteresis + X X % eddy) 


(4) 


In the absence of definite knowledge as to the relative magnitudes of 
the percentage hysteresis loss and percentage eddy loss, the former 
may be taken as 80 and the latter as 20—average values for the better - 
grades of silicon steels at customary flux densities. 

Standard Core Method of Reducing Core-Loss Measurements to Sine- 
Wave Voltage Basis, A small core, of which the core loss has been 
calibrated on sine-wave voltage, can be used as a wStaiulard to reduce a 
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core-loss measurement to sine-wave-voltage basis. This may be done 
by exciting the standard in parallel with the transformer under test, 
and adjusting the voltage to that value which makes the core loss in 
the standard core equal to its core loss corresponding to sine-wave 
voltage of the desired value, in accordance with its calibration curve. 
Iu)r accuracy in the use of this method, it is necessary that the material 
ill the standard core be the same as in the transformer under test, and 
! )e operated at about the same density. If a potential transformer is 
used, the standard core must not constitute sufficient burden on it to 
cause noticeable voltage regulation (and voltage distortion) through 
the impedance of the potential transformer. 

The winding losses of the standard core must be negligible com¬ 
pared with its core loss. 

Core Loss at Full Load. To obtain the rated kilovolt-amperes 
from a transformer at rated secondary voltage, the primary voltage 
lias to be raised above rating sufficiently to compensate for the voltage 
regulation due to the impedance drop of the transformer. The effect 
of this on the core loss at full load may be estimated as follows. The 
llu\ density (and therefore the core loss) in certain portions of the 
core will correspond to the secondary voltage, and thus will be nor¬ 
mal; those in other parts of the core will correspond to the primary 
vohage and thus will be higher than their normal no-load value. In 
lliis simplified way of thinking, the core is divided into two parts: one 
associated with the flux linking the primary windings, the other with 
I lie flux linking the secondary. The division of the core into two parts 
ill ibis way is not necessarily into equal parts. In a ring core, with 
(lislributed layer windings, the density in the entire core is propor- 
lioiial to the voltage of the layer next to the core; and, if this is the 
secondary winding, the core loss at full load will be the same as at no 
load, regardless of any necessary over-exdtation of the primary wind¬ 
ings. In a core-type transformer with concentric windings, the wound 
pol l ions of the core will have a flux density corresponding to the low 
\ohage, the yokes to that of the high voltage.* As the yokes may 
I ni 1st it Lite one-third or less of the entire core, it follows that, in a step- 
dnvvii transformer, at the most only a third of the no-load core loss 
w ill !)c affected by the overexcitation of the primary. If the voltage 
icgulalioii of the transformer (and hence the overexcitation of the 
piimary) be assumed as high as 5 per cent, the increase in the yoke 
Insscs will be 7.5 to 10 per cent, representing an increase in the total 
(MIC loss of the order of one-third of this figure. That is, in a core-type 

* rin' (IcMisily is aclually considerably less than that corresponding to the 

volla^ie, owing to a good deal of the leakage flux returning through air. 
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st6p-down transformer, the total core loss might be multiplied by 1.02 
to L033 at fun load owing to the overexcitation of the primary wind¬ 
ing to maintain the secondary voltage at rated value.* 

On this subjectj the following comments are given in the A.I.K.E. 
Standards on Transformers, Induction Regulators and Reactors 
(Standards 13, Section 306, footnote, issue of May 1930): 

It is recognized that under load conditions with rated secondary voltage main¬ 
tained, the losses are slightly increased, the amount depending upon the load, power 
factor and whether for step-up or step-down service, hut since in service conditions 
the increase in total losses is not over 3 or 4 per cent (and in most cases less) for a 
power factor as low as 0.6, it has a negligible effect on the kv-a. output. 

See also the publications of the American Standards Association on 
transformers. 

Determination of the Exciting Ctxrrent. By Calculation, Fig. 2 
gives curves of r.m.s. exciting ampere-turns for average commercial 

silicon steels and for lap joints in 
transformer cores. Given the flux 
density,the length of the magnetic 
circuit, and the number of joints 
in series in the magnetic circuit, 
total ampere-turns can be readily 
calculated. The total ampere- 
turns divided by the number of 
tui'ns in the excited winding gives 
the actual amperes. 

Fig. 2 is sometimes given in terms of volt-amperes per pound 1/5. 
flux density, and volt-amperes per square inch vs. flux density for the 
joints, in which case the constant for the sheet steel is multiplied by 
the core weight; the constant for the joints, by the cross section and 
number of the joints; and the two products are added together to 
obtain the excitation volt-amperes of the transformer. This divided 
by the excitation voltage gives the exciting current. 

By Test. The necessary equipment and their connections have 
already been shown in Fig. 3. The major problem in such measure¬ 
ments is the effect of the wave form of the test voltage. 

* The same result as in the foregoing can also be obtained with the aid of the 
conventional equivalent circuit diagram of a transformer shown in Fig. 4, observing 
that: {a) the voltage causing core loss is higher than the secondary output voltage 
by secondary impedance drop, and lower than the primary voltage by the primary 
impedance drop; (6) in a simple design, like the core-type concentric transformer, 
the division of leakage reactance between primary and secondary windings may be 
taken as being in the inverse ratio of the core length associated with eacli, ceiiler 
legs with the inner coils, yokes with the outer colls. 



Fig. 4. —Equivalent Circuit 
of a Transformer. 
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Reduction of the Exciting-Current Measurement to Sine-Wave-Volt¬ 
age Basis. Deviations of voltage wave form from sine wave affect 
the exciting current even to a greater extent than the core loss. Since 
the instantaneous values of the exciting current are not some simple 
function of the corresponding instantaneous flux densities, and their 
r.m.s. value is not a definite function of either the maximum or the 
r.m.s. flux density, and since the determination of the wave shape of 
the excitation voltage would be an expensive and laborious procedure, 
the reduction of the exciting current to sine-wave basis has been a 
more difficult theoretical problem. Several methods have been pro- 
jiosed and are used as follows: 

(a) Crest Ammeter and Average-Reading Voltmeter Method."^ This 
is a rational method and very convenient when control of the magni¬ 
tude of the test voltage is available. 

As discussed above, if the test voltage is held by an average-reading 
voltmeter, the maximum flux density corresponds to sine-wave voltage 
of the indicated value, regardless of the actual wave shape of the test 
voltage. Now, if the circuit is set up as in Fig. 3a or 3&, and the cur- 
I'ciit is read by a crest ammeter, that is, by an ammeter designed to 
indicate the maximum instantaneous value of the current, the indi- 
('ated current will be the instantaneous current corresponding to the 
maximum flux density. By holding various convenient fractional 
voltages up to full rated voltage, and noting the corresponding crest 
amperes, we will have current values corresponding to various points 
on the saturation curve of the transformer core, from which data it is 
possible to calculate the r.m.s. current for sine-wave voltage and flux. 
Ill practice, three such readings, taken respectively at 50, 86.6, and 
100 per cent voltage, are found to give sufficiently accurate results. 

They are used to determine the first, third, and fifth harmonics of 
I Ii(‘ exciting current for sine-wave voltage, and these harmonics in turn 
.IK* used to determine the r.m.s. value of the exciting current corre- 
Npoiiding to sine wave voltage, as follows: 

I.et Til be the crest value of the current corresponding to 100 per 
cent rated voltage held by an average reading voltmeter. 

TI 2 the crest amperes corresponding to 86.6 per cent of the 
rated voltage held similarly, 

//;i the crest amperes corresponding to 50 per cent of the rated 
voltage held similarly. 

* VUv I'n'st-a 111 meter consists of an average voltage millivoltmeter shunted by a 
It iM'lor, iiml ['('ads I he I'rest value of tlie current flowing through the shunt reactor. 
Srr iii'l.iclc by G. Caniilli in A.I.E.E. Journal, September, 1927. 
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Then, the crest values of the third, fifth, and fundamental harmonics 
of the exciting current under sine-wave voltage will be, respectively, 


“ 3 + V3 




iJi - 


( 5 ) 


( 6 ) 


h = 


Hi +H3 


El. 

V3 


and the r.m.s. or effective value of the current will be 

Ih? 

1“ 


( 7 ) 


( 8 ) 



The fact that only three harmonics are considered makes the result 
approximate; but it is found that the result is generally well within 10 
per cent of the true value. It is particularly valuable with badly dis¬ 
torted test voltages. 

(I?) Form - Factor 
Method. If the excit¬ 
ing current is meas¬ 
ured by an r.m.s. 
ammeter for two or 
more test voltages 
of the same r.m.s. 
value but of different 
wave form, and if the 
observed current 
values are plotted 
against the form fac¬ 
tors* of the corre¬ 
sponding test volt¬ 
ages, the resulting 
cu rve ca n be extra - 

polated to the sine-wave form factor. Although this method has no 
mathematically rigid basis, yet it, is found that the curves are gen¬ 
erally straight, and extrapolation gives reasonably good results (Fig. 
5). The method is most useful when one of the test voltages approxi¬ 
mates sine wave, and the other* deviates from it considerably. 

* Form factor is the ratio of the r.m.s. value of the voltage to its arithmetic 
average value. For sine wave, this ratio is 1.11. The average voltage is best deter¬ 
mined by an average-reading voltmeter. 


Reading to R.M.S. Responsive Voltmeter Reading 

Note: —If the Average Responsive Voltmeter is Calibrated in True Average 
Volts, Point “a” {Ratio 1.11) Represents Sine Wave Condition; but 
if Calibrated in Equivalent Effective Vofts, Point “h" Represents 
Sine Wave Condition. 

Fig. 5 . —Reduction of Exciting Current to Sine Wave 
Basis by Extrapolation Form Measurements with Two 
Voltages of Different Form Factor. 
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If the average-reading, or rather, the average-responsive, volt¬ 
meter is graduated in terms of equivalent sine-wave r.m.s. volts, cur¬ 
rent values for various wave shapes may still be plotted against the 
ratio of the average-responsive voltmeter and the r.m.s. responsive 
voltmeter, but the extrapolation will be made to the ratio unity 
(Fig. 5), since this will be the ratio of the two instruments on sine- 
wave voltage. 

Extrapolation can also be made by calculation, instead of plotting, 
based on two readings, as follows: 

Let I 3 = the exciting current on sine-wave-voltage basis. 

11 = exciting current observed on voltage with form factor Fi. 

1 2 = exciting current observed on voltage with form factor F 2 . 

F 2 - 1.11 

I. = l2- {h - h) ( 9 ) 

If the scale of the average responsive voltmeter is graduated in 
equivalent sine-wave r.m.s. volts, plotting and extrapolation may still 
be carried out using the ratio of the r.m.s. voltmeter reading to the 
average voltmeter reading, except that the extrapolation will have to 
be made to the ratio unity. The formula given above then becomes 

ill which Ri and R 2 are the ratios replacing the form factors. 

(c) Standard Core Method. If a core of the same sheet steel as the 
transformer under test has its exciting current previously calibrated 
on sine-wave voltage, then its current reading under the present test 
voltage, compared with the corresponding value on its sine-wave cali¬ 
bration curve, indicates the proper correction factor to apply to the 
observed exciting current of the transformer under test, to reduce it 
to sine-wave-volt age basis. 

The main limitations of this method are the difficulty of securing a 
standard core truly representative of the magnetic circuit of the trans¬ 
former under test, including the joints in the core, etc.; the necessity 
of loading the standard core on the potential transformer and thereby 
risking a different wave shape across the standard core and the instru¬ 
ments than across the transformer under test, on account of the drop 
Ihrough the impedance of the potential transformer; and the diffi¬ 
culty of securing the same flux density in the standard core as in the 
transformer under test. The last difficulty is partially overcome by 
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holding such a test voltage as makes the losses of the standard core 
the value corresponding to tlje desired sine-wave voltage. 

Wave Shape of the Exciting Current on Sine-Wave Voltage. A 
typical oscillogram of exciting-current wave shape is shown in Fig. 6. 



Fig. 6 . —Typical Exciting Current Wave Shape of Transformer. 


Given the hysteresis loop of the core for the maximum flux density 
desired, the corresponding magnetizing current for a sine-wave flux 
can be drawn simply as illustrated in Fig. 7. Fig. la shows an (arbi- 



Fig. 7.—Graphical Method of Constructing the Alagnetizing Current Wave from the 
Hysteresis Loop for the Corresponding Density. 


trary) hysteresis loop. Fig. lb shows a sinusoidal flux-density wave 
B corresponding to normal sine-wave excitation voltage. The ampere- 
turns corresponding to any density on the flux-density wave in Fig. 7b 
are determined from Fig. 7a, the ascending portion of the hysteresis 
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loop being used for the ascending portion of the flux-density wave, 
and the descending portion of the loop for the descending portion of 
the flux-density wave. For instance, to find the Hi corresponding to 
Bi^ in the ascending portion of Fig. Iby we follow the dotted construc¬ 
tion line to the density Bi^ in the ascending portion of the hysteresis 
loop, the abscissa of which (marked as Hi) is plotted in Fig. lb as the 
ordinate (Hi) of the magnetizing-current curve. The determination 
of the points on the descending portion of the curve is illustrated by 
the point B 2 in Fig. lb and the associated construction lines leading 
to B 2 ^ in the descending portion of the loop, Fig. la, determining H 2 
(which now happens to be negative), and plotting this (—H 2 ) in Fig. lb 
as shown. 

The wave so drawn includes the hysteresis-loss component as well 
as the wattless component of the exciting current but not eddy cur¬ 
rents, nor the magnetizing current required by the joints (unless the 
loop has been taken on a core with joints). 

As joints are practically unavoidable in commercial transformers, 
the ampere-turns necessary for the joints must be added to the fore¬ 
going to get the complete magnetizing current, unless the loop was 
taken on the transformer itself and therefore included the effect of the 
joints. 

A small eddy-current-loss component must now be added to this 
magnetizing current to make it the complete exciting current of the 
transformer. 

Harmonics of the Exciting Current. Relative Magnitudes of the 
Harmonics, The magnitudes of the harmonics which the exciting 
current contains depend upon the characteristics of the iron and the 
maximum density at which it is operated. At usual operating core 
densities, the orders of the magnitudes of these harmonics are roughly 
as follows: 


Harmonic 

Units below 

50 KV-A. 
(Lower Core 
Densities) 

50-1000 KV-A. 
(Medium Core 
Densities) 

Above 1000 kv-a. 
(Higher Core 
Densities) 

Fundamental. 

99% 

90% 

82% 

:^r(l.. 

16 

40 

50 

5th. 

2.4 

20 

25 

7th. 

1.8 

10 

10 

91 h. 

0.4 

1.5 

2 

llth. .. 

0.04 

0.2 

0.2 
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These values apply strictly only to the magnetizing current required 
by the iron of the core. Wherf the magnetizing current required by 
the joints is appreciable, which is true of the smaller transformers, the 
percentage value of the fundamental component is somewhat increased, 
and the percentages of the higher harmonics somewhat decreased. 

Effect of Harmonics on the Magnitude of the Exciting Current. As 
the effective values of harmonic quantities of different frequencies 
combine with each other in quadrature, and as they are of decreasing 
amplitude with increasing frequency, it follows that the higher har¬ 
monics of the exciting current influence the effective value of the 
resultant to only a small extent. Thus, at low densities, the magnet¬ 
izing current is 100 per cent with harmonics, 99 percent without har¬ 
monics; and at medium densities, 100 per cent with, 90 per cent with¬ 
out, the harmonics. However, if the fundamentals are removed, the 
harmonics then become prominent, as, for instance, when it is at¬ 
tempted to neutralize the magnetizing current of a transformer by 
means of shunt capacitors. Neutralization can be effected only for 
the fundamental, unless wave filters are used for each harmonic. Con¬ 
sidering medium-density transformers, if the fundamental, which is of 
the order of 90 per cent of the -total magnetizing current, be neutral¬ 
ized, the remaining harmonics still constitute over 40 per cent of the 
original magnetizing current and must be furnished from the gener¬ 
ator. If we consider also the core-loss component of the exciting cur¬ 
rent, which cannot be neutralized by a capacitor, and which may be 
as much as 20 per cent of the magnetizing current, we have a resultant 
current still equal to about one-half of the total no-load current. 

In symmetrical three-phase banks wjth isolated neutral, the third- 
harmonic component of the exciting current does not appear in the 
lines, and, therefore, a given transformer shows slightly less exciting 
current in three-phase operation than in single-phase operation. This 
reduction may be 5 to 10 per cent in the higher-density transformers. 

Practically, then, 'elimination of the higher harmonics from the 
exciting current would not affect the magnitude of the current very 
materially; elimination of the fundamental reduces it by only about 
one-half. 

Effect of Harmonics on Core Loss. The harmonics of the exciting 
current are wattless if the excitation voltage is sinusoidal. However, 
if the higher harmonics are made to cause losses, or if they are usefully 
loaded, as in some industrial applications of the higher harmonics, the 
effect is to increase the apparent core loss and the power component 
of the fundamental current correspondingly. In saturation, then, we 
have a means of transforming power from a given frequency into its 
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harmonics. That under certain conditions the inverse transforma¬ 
tion also can be made, that is, power can be transformed from the 
higher harmonics into the fundamental, through the instrumentality 
of saturation, has also been demonstrated. 

If the harmonic currents are either intensified or reduced, the 
density in the core and the no-load losses may then be materially 
modified. For instance, in Y-Y connection, the third harmonic is 
suppressed from the m.m.f. wave, resulting in a third-harmonic voltage 
of the order of 40-50 per cent and a third-harmonic flux of one-third 
of these percentage values. This tends to increase the eddy-current 
and other stray no-load losses, but to diminish the hysteresis loss 
because the third-harmonic flux is opposite to the fundamental and 
therefore the maximum density is reduced. Generally, the net effect 
of altering the harmonic currents is to increase the resultant no-load 
losses of the transformer. 

Inrush of Magnetizing Current. A transient phenomenon, char¬ 
acteristic of the magnetizing current of a transformer, is the high 
inrush current occasionally observed when a transformer is being 
switched in. It may cause a momentary dip in the voltage if the 
impedance of the source of excitation is considerable, and may also 
trip overload or common differential relays, if these have been set too 
close. (Special differential relays are available which can be set for 
sensitive operation without tendency to trip on inrush current.) 

Physics of the Phenomena. If a transformer could be switched in 
at that instant of the voltage wave which normally corresponds to the 
actual magnetic density within the core at the moment, switching-in 
would be a smooth continuation of a previous operation, without giv¬ 
ing rise to a magnetic transient. But, in practice, the instant of 
switching-in is not under control, and therefore a magnetic transient 
is practically unavoidable. 

When the excitation of a transformer is switched off, the magnet¬ 
izing current follows the hysteresis loop to zero; the flux density, to 
some residual value Br (Fig. 7). Fig. 8 shows magnetizing current 
wave 1 1 and flux density wave Bi definitely interrupted at the instant 
marked by the first vertical dotted line on the left, at which the cur¬ 
rent was passing through a normal zero value, with the flux at a 
residual value ( + ^). If the transformer were not switched off, cur¬ 
rent and flux-density waves would have followed the dotted curves; 
but, the transformer being switched off, they follow the solid horizon¬ 
tal lines, I2 and Bzy current at zero, flux at -\-Br. To illustrate the 
inrush phenomena under the condition which will lead to the maximum 
transient, let it be assumed that the circuit is reestablished later at 
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the instant indicated by the second vertical line when the flux density 
would normally be at its nega^ve maximum value (— ^max) • Since the 
magnetic flux cannot be instantly created or destroyed, therefore, the 
flux wave, instead of starting with its normal value (—in the 
present case) and rising along the dotted curve, starts at the end of 
curve B 2 with the residual value Br and traces curve ^ 3 . Curve Bz is 



a (displaced) sinusoid regardless of saturation characteristics of the 
magnetic circuit, because, with a sinusoidal voltage applied, the 
counter e.m.f. and hence the flux have to be sinusoidal. Saturation 
modifies not the flux but merely the magnetizing current necessary 
to produce the flux. 

The current wave, corresponding to the flux-density wave ^ 3 , is 
shown as /a* The maximum theoretical value of curve ^3 is (5reaiduai 
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+ 2 ^niax.)j nnd if the transformer is designed for some normal eco¬ 
nomical flux density ^max.^ the crest of Bz will produce supersatura¬ 
tion in the magnetic circuit and will call for a very large crest value in 
the magnetizing current. 

Transient and Steady-State Components of the Flux Wave. The 
flux wave (^3 of Fig. 8 ) is shown in Fig. 9 for a number of cycles, with 
allowance for a rapid decay of the transient. The axis of the alter¬ 
nating wave is shown by a dotted line in Fig. 9a, indicating how the 




lUG. 9a .—Resultant of Transient and Fig. 96.—Transient (d-c) and Steady 
Normal Flux during Inrush Phenomena. State (a-c) Components of the Resultant 

Flux during Inrush Phenomena. 

sinusoid has been displaced from its normal symmetrical position by 
the presence of a transient flux. In other words, the dotted line re^ - 
ri^sents the transient component of the flux; the symmetrical sinusoid, 
the steady-state component. Both components are shown in solid .. 
dines in Fig. 96. Theoretically, the transient component does not 
decay perfectly smoothly, but is slightly rippled, owing to the pulsa- 
t ion of the inductance at each cycle. The magnitude and wave shape 
of the inrush current follow from these flux waves. 

Typical oscillograms of inrush current are shown in Figs. 10 a and 


—/I—/I——AJ—A—/LJLJLJ^—A_A_ A _A_A_A_A_A_ a _a_a_ a _/ la ^ * 


(a) 



Fig. 10 . —Typical Exciting Current Inrush Oscillograms. 
a. Single-phase, b. Three-phase. 


106. Their peculiar wave shape, magnitude, and duration may de- 
Mcrve special consideration. 

Wave Shape of the Inrush Current. The first feature of the wave 
whiipe of the inrush current that attracts one's attention is its great 
romjdexity. 
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Considering the first few cycles, it will be seen that the wave is 
completely offset. It also appears as though the alternate half cycles 
are wiped out. What gives rise to this appearance is the fact that I 3 
of Fig, 8 is here shown on a smaller scale, and the values of the current 
for densities below the saturation range are relatively so small as to 
be indistinguishable from zero. In other words, the wave has a very 
long zero in the first few cycles. 

The wave shapes of later cycles are very different from that of the 
initial. Their explanation may be developed as follows: 

Considering the flux wave of Fig, 9a, it is seen that, between the 
initial fully offset cycle and the final symmetrical cycles, there is an 
intermediate zone in which various cycles show steadily diminishing 
dissymmetry with reference to the zero line. Fig. 11 shows a repre- 



Fig. 11.—Partially Offset Flux Wave and Corresponding Magnetizing Current Wave 
Shape Calculated from the Corresponding Asymmetrical Hysteresis Loop. 

sentative flux cycle, (5), from this intermediate range, and its corre¬ 
sponding magnetizing current wave, H, drawn with the aid of 
appropriate hysteresis loop. The wave shape of the current wi e 
easily identified in the intermediate zones of the oscillogram of Fig. lOa. 

Magnitude of the Inrush Current. Theoretically, the current wave 
corresponding to the flux wave can be calculated with the aid of the 
hysteresis loop (or average magnetization curve) of the core. But 
hysteresis loops or magnetization curves cannot be obtained very easily 
for very high densities, and generally are not available. Even though 
they were available, they would not be exactly applicable unless taken 
on the transformer under test. The peak value of the current, how¬ 
ever, can be approximated fairly closely as follows. 

The maximum flux density which iron molecules can add to a given 
magnetic field is estimated as of the order of 130 kilolines per 
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square inch. In the present case, the maximum peak flux equals 
(^rea. + 2^max.)^c, Ac being the cross-sectional area of the core. Of 
this, then, something like 130^c kilolines will be carried by the iron 
molecules, the rest (^rea. + by space As —the space 

occupied by the core legs plus the space between the core legs and 
the excited winding. The ampere-turns necessary to produce 
(^rea. + 2^niax. ” 130)Ac/As kiloHue density in space will ordinarily 
be so large that it may be considered as adequate to produce the 130 
kilolines density in the iron molecules in parallel with the flux in 
space; and, therefore, the inrush current for the supersaturated ranges 
of the wave can be calculated in terms of the air core inductance of 
the winding and the space flux. As the flux density Bs in space is 

B^ = ~ (B^ea. + 25niax. “ 130) kiloHnes/sq. in. (11) 

* As 


therefore, if the length of the solenoid is h inches, and the turns in 
series n, the maximum instantaneous current ^^ax. will be 


1000/t Bs 

” 3,2n 


(12a) 


lO^hAcjB,^, + 2^^ax.- 130) 
3.2n As 


{12b) 


The higher the density, the closer are the results given by this 
iipproximate formula; and, therefore, it is offered here not for the cal¬ 
culation of the entire wave but only for its peak. Values around 130 
kilolines per square inch and below may be computed from the satura- 
lion curve, and thus the complete wave drawn, if desired. 

Rate of Decay of the Inrush Current. Inspection of Fig. 10 may 
reveal that the rate of decay is very fast during the first few cycles, and 
progressively slower thereafter. 

It has been pointed out that the flux wave (Fig. 9) can be resolved 
iiilo two components: a decaying d-c. component and a non-decaying 
I'liiiusoidal a-c. component. It has also been pointed out that the flux 
controls the current; not the current, the flux. That is, the current 
III!justs itself to the flux wave, which explains why the latter is quite 
I'limplc in spite of saturation, the former so complicated. 

'The current wave cannot be resolved into transient and steady- 
itliil.i; components rigidly, so as to treat each one separately. The 
current can, of course, be resolved into a (decaying) d-c. and a (dis¬ 
torted) a-c. component, but the a-c. component will also be attenu- 
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the residual will be the same whether the current follows the dotted 
lines to zero or the solid to zero (<;)* Actually, the current does 

not drop to zero along the dotted line, but follows the normal curve 
to c. The current may become defmiteiy interrupted at and not 
restart; but, if it does restart after c, it continues through (-m) on 
to d at which it may be interrupted. If the breaker contacts part at 
a, the current does not follow the dotted line to zero, but the breaker 
gap is bridged by an arc and the current follows the normal curve 
through to r; and the arc may be quenched there, or at etc. This 
is the characteristic phenomenon of the interruption of alternating 
current in an inductive circuit by conventional types of circuit-inter¬ 
rupting devices. The current, and hence the flux, pass through their 
normal maxima before the current is interrupted, and therefore the 
residual will in general be the same, no matter at what instant the 
breaker contacts begin to part. 

Effect of Load Current on Residual Flux Density. If the exciting 
current of the transformer is combined with a load current, and the 
circuit interrupted at the zero of the resultant current, might that 
affect the magnitude of the residual? The following analysis shows 
that lagging loads do not affect it, but leading loads could. 

A low or zero power factor lagging load current is of the same 
character as the magnetizing current of the transformer, and could 
obviously have no disturbing effect on the phenomena. The factor 
to scrutinize, therefore, is the power cofnponent of the load current. 
Referring to Fig* IS, we have the magnetizing-current wave unity 



Fig. is.—E ffect of Load Current on RcBiduai Flux Density. 
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power factor load current wave /j, and resultant total current wave 
/(. When is at zero, the magnetizing component /m, and hence 
the flux, have passed their maxima, and therefore interruption at this 
point will yield maximum residual flux density. The larger the unity 
power factor load current, the greater is the phase difference between 
the resultant current and the magnetizing component, but this can 
never exceed 90°. It follows, therefore, that, with lagging power fac¬ 
tor loads, the flux will be either at maximum or just past maximum 
when the resultant current is zero; and, therefore, the residual density 
will be the same as in the absence of a load current. 

Considering condensive loads, if the leading component of the load 
is not more than the magnetizing current, the resultant line current will 
Hlill have a lagging power factor, and the angle between the maximum 
of the magnetizing current and the zero of the resultant line current 
will be 90° or less. Hence, at the zero point of the line current, the 
flux, like the magnetizing current, will be either at maximum, or just 
past maximum, and, therefore, the residual will be maximum. 

With a leading component of the load current in excess of the mag- 
iH'lizing current, the resultant power factor will be leading, and the 
angle between the zero of the resultant current and the maximum of 
(lie magnetizing current will be more than 90°. Accordingly, at 
1 lie zero of the line current, the magnetizing current will not have 
reached maximum, and, therefore, the residual magnetism will be 
Hinaller. 

There is another way in which a condensive load across either the 
primary or the secondary of the transformer tends to reduce the 
residuals. Following the interruption of the line current, a damped 
oH('iNation between the inductance and the capacitance tends to 
demagnetize the core. 

Inrush Current in Three-Phase Banks (Fig. 106). It is impossible 
(n throw the three phases of a bank on the lines simultaneously with¬ 
out producing an inrush current; if the instant is most favorable for 
one of the phases, it will be unfavorable to the other two. 

'The maximum inrush current of a three-wire, three-phase bank, 
although taking place oftener, is generally considerably less in inten¬ 
sity than that of a single-phase bank. 

'I'he fluxes, both normal and transient, in a three-phase bank flow 
jimt as freely as in a single-phase bank, without any complication from 
saturation or otherwise; but the currents resulting from saturation are 
ntnn' complicated in three-phase banks on account of the fact that 
I la* three line currents must add up to zero. The following cases may 
lit* of interest. 
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Case 1, Single-phase Units in Y-delta Bank. Let Is be the max¬ 
imum inrush current of pne of the units in single-phase operation. 
The inrush current in three-phase operation can be expressed in terms 
of this Is as follows. 

If phase A (Fig. 16) has its maximum transient, phases B and C 
will have negligible transients, and the question arises as to how the 

That phase A must have its 
full single - phase transient 
follows from the fact that the 
delta holds the neutral stable, 
and normal line to neutral 
voltage must appear across 
each phase. The very delta 
which necessitates full inten¬ 
sity inrush transient in phase 
A also helps to adjust the 
return of the inrush current 
to make it possible. Two-thirds of the required single-phase inrush 
current (2/,/3) flows in phase A on the Y side, one-third on the 
delta side. This current in phase A can readily return through 
phases B and C as one-third J«, without magnetizing them because 
the circulating current in the delta is equal and opposite to those in 
the Y in phases B and C. Thus, the total inrush ampere-turns add 
up to Is in phase A, and to zero (or negligible value) in phases B and C, 
as it ought to be. 

The apparent or measurable maximum inrush current in a three-phase 
Y{delta) hank, is only two-thirds oX, the value in a single-phase bank. 

Case Z. Three-Legged Core-Type Three-Phase Unit in Y Connec¬ 
tion. The magnetic interlinkage of the three phases of such a trans¬ 
former is equivalent to the presence of a high-reactance delta winding, 
and therefore its performance is similar to that of Case 1, whether or 
not there is any delta winding. That is, the maximum inrush current 
is approximately two-thirds of that corresponding to single-phase opera¬ 
tion of one leg. 

If there is a delta winding, it circulates a current as in Case 1, but 
with reduced magnitude. 

Case 3. Delta-Connected Primary. In this case, not only the volt¬ 
age, but also the current, of each phase is independent of the other 
phases, and the inrush phenomena of the flux of each phase take place 
as on a single-phase bank. So far as the line currents are concerned, 
however, there is a difference. In a delta bank, the normal line cur¬ 
rents are 1.73 times the coil currents; but, in the case of the inrusli 


inrush current of phase A can return. 



Fig. 16.—Balancing of the Inrush Current of 
One Phase in a Y-Delta Bank of Transformers. 
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current phenomena, since the saturation inrush current involves only 
one phase, the line current and the coil current are alike, and, there¬ 
fore, in terms of the normal line currents, the inrush is only 57.7 per 
(’ 1 ‘iit as severe in the delta-connected three-phase banks as in the cor¬ 
responding single-phase bank. 

Case 4. Four-Wire Three-Phase Banks. These are in no way 
different from single-phase banks, as the line currents are identical 
with the coil currents, and the voltages and currents of each phase are 
independent of those of the other phases, being maintained directly 
from the source of supply. Grounded neutral banks, operating on 
solidly grounded systems, come under this classification. The presence 
or absence of a delta on the bank is immaterial, and so is also the 
siructure of the core, whether single-phase or three-phase. 

Probability of High Inrush Currents. The probability of the 
occurrence of the theoretical maximum inrush currents is relatively 
Hinall. One reason is that they correspond to the closing of the cir¬ 
cuit at the zero point of the voltage wave, whereas it is more likely 
dial the circuit will be completed nearer the maximum of the voltage 
wave by the bridging of the gap or contact by a spark, as the contacts 
ol I lie switch tighten. Closing of contacts is generally accompanied 
liy sparking. Another reason is that the terminal voltage of the trans- 
(m iiier generally drops a little under a high inrush current. A third 
I'casoii is that the switching periods which give rise to high inrush 
( III r(Mits constitute a small fraction of the total cycle. Finally, experi¬ 
ence also shows that actual values generally are far below theoretical 
ni.ixiinum values. 

Prevention of High Inrush Currents. On account of the fact that 
I lie inrush of magnetizing current is rarely a serious problem, no com- 
Miereial means have been marketed for their suppression, although 
iriuiiK' schemes have been proposed for their reduction. 

(<i) The best-known proposal is the use of a two-step switch, hav¬ 
ing a series resistance in the first step so proportioned that, when the 
III si (oiilact closes, only a fraction, say one-half, of the circuit voltage 
w ill In; impressed on the transformer. The closing of the second con- 
1,n I sliorL-circuits this resistance. Thus, the voltage being raised in 
l•ll^■ps, (he transient flux which can be produced in either step is small, 
and wlialever transient is produced in the first step is damped rapidly. 

()n(‘ disadvantage of this scheme is that the resistor must have a 
hu-li eiioiigli resistance to cause a drop of 75-85 per cent with only 
till’ magnelizing current flowing through it, and yet must have suffi- 
liiail capa('i(:y not to be damaged when switching short-circuit cur- 

I I'll I s. 
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NON-TRIPLE HARMONIC PHENOMENA 


It will be obvious on reflection that^ considering the normal angle 
between two adjacent phases, that is, 120°, if the nth harmonic makes 
this n X 120° = 360°, or sf>me integral multiple of it, then the angular 
displacement between phases becomes zero for that harmonic, and 
that harmonic would be called a zero phase-sequence harmonic. If 
n X 120° = k X 360° + 120°, that is, some integral number of 
complete revolutions plus 120°, the angular displacement between 
phases will be seen to be three-phase and normal or positive. Finally, 
if n X 120° = kX 360° - 120° (or k X 360° + 240°), then the 
harmonic system will be seen to be three-phase again but of negative 
phase rotation. 

Triple-frequency harmonics appear only between the neutral and 
the lines, while the non-triples and the fundamental-frequency quan¬ 
tities appear between the lines. It follows that the system constants 
which will affect the triple-frequency harmonics will be the zero- 
sequence constants, whereas those affecting the non-triple harmonics 
will be the positive or negative phase-sequency constants, and thus 
one reason for the separate classification of triple and non-triple har¬ 
monics becomes evident. 

Another reason for the distinction between triple and non-triple 
harmonics is based on the difference in their effect on communication 
lines, but this also will be found to arise from the fact that the former 
are zero phase-sequence quantities, whereas the latter are three-phase 
positive or negative phase-sequence quantities. 

Reason for Interest. Although triple-frequency phenomena have 
been known to assume dangerous proportions, non-triple harmonics 
have never been known to assume serious proportions. Interest 
in non-triple harmonics therefore* centers largely on possible inter¬ 
ference with communication lines, and sometimes with the apparent 
voltage regulation of the system from no load to full load; the har¬ 
monics may be considerable at no load, but very much reduced at 
full load. Interference with communication lines assumes more sig¬ 
nificance in single-phase grounded systems such as railways, as in 
these even the normal frequency load currents flow through the 
ground for considerable distances. 

Conditions of Occurrence, Ordinarily the non-triple harmonic 
currents of a transformer, being a small fraction of its small magnetiz¬ 
ing current, are negligible; but they may come into prominence by 
resonance. Such resonance conditions are usually favored by a com¬ 
bination of relatively high charging current with relatively high system 
reactance. High charging current is generally due to either high 
voltage, or the capacitance of cables, or great extent of lines. High 
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reactance is generally due to reduced number of generators on the 
liiu's during periods of light load. 

High-efficiency low-loss circuit elements are naturally susceptible 
to more intensified resonance than low-efficiency high-loss elements, 
inul, consequently, high-efficiency low-loss transformers may be found 
to be more susceptible to these phenomena. Excess transformer 
capacity on the lines is a factor in raising the lower range of the har¬ 
monic voltages to be expected, but it does not seem to affect the higher 
limits, except that for resonance more magnetizing current requires 
more line charging current. 

Nature of Phenomena and Equivalent Circuit. For simplicity, we 
niay consider a single-phase case, as a railway circuit (Fig. 1). 
Harmonic currents originate in the transformers, owing to their non- 



Fig. 1.—Single-phase Railroad Transmission Network. 


nX, 


llnejir magnetization curves. In determining the equivalent network 
of I he harmonic phenomena, therefore, the source of the harmonic 
Vnllage is to be indicated in the transformers, as shown in Fig. 2, and 
dlHciiHsi^d below. 

lUements of the Equivalent Network. The various elements of this 
r(|iiivaU'nt network (Fig. 2) are as follows: if the generator reactance 
a I normal frequency is JVg, 
llirii for the nth harmonic 
|j will be nXg\ if the line 
raparilive reactance is Ac, 

I hen for the nth harmonic 

II will be Xc/n. The mag- 
lif'li/ing impedance of the 
1 1 aimformer is shown as X^, 
wlllionl a factor for fre- 

qiieney, as it is found by experience that, for harmonics originating 
within itself, a transformer has approximately the same magnetizing 
leiielaiK'e for each one of them. This is like an alternator, which has 
appi oximately the same armature reaction for the various harmonics 
In its induced voltage. Fig. 2 shows all the transformers on the line 
lnmp('d together as one unit. 



Fig. 2. —Simplified Equivalent Circuit of 
Fig. 1. 
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Numerical values of these various impedances will be discussed 
in greater detail at a later^point. 

Available Harmonic Voltages. In Fig. 2, jEq is the induced harmonic 
voltage, and £„ its value on the lines. Obviously, Eq and differ by 
only the impedance drop in X^. 

The nth harmonic voltage appears at its full value when the corre¬ 
sponding {nth harmonic) current In is suppressed from the exciting 
current, or, stated a little differently, when an nth harmonic current 
In is passed through the transformer equal and opposite to the nth 
harmonic in its normal exciting current. To force this superimposed 
current requires a harmonic voltage En given by the equation 

En = InXn ( 1 ) 

But we have seen that the magnetizing impedance of the transformer 
is substantially the same value (XJ for all its harmonics, so that 

El = hXn. ( 2 ) 

Es = IzXmy etc. (3) 

and, therefore, the harmonic voltages bear the same ratio to each 
other or to the total voltage as the harmonic exciting currents to each 
other, or to the total exciting current. In the absence of measured 
values for a particular transformer, the following table may be used 
as a guide. 

TABLE II 

Approximate Values of Eq for Various Harmonics 
Fundamental 3rd ^5th 7th 9th 11th 

Eq = 100% 50% 10% 2% 1% 

Generally, the higher the harmonic, the more variable and uncer¬ 
tain is its value. 

Flux density influences the harmonic voltages only moderately. ’ 
For instance, even for the highest permissible operating densities, 
at which the exciting current may have increased many fold, the third 
harmonic induced voltage Eq will not be much higher than 55 per cent 
for representative commercial silicon steels. Eq^ however, may be 
intensified by resonance. 

Transformer density affects the value of X-^ very markedly, since 
Xm is inversely proportional to the magnetizing current. 

Determination of Eq by test will be discussed at a later point. 

Resonance Phenomena. Considering Fig, 2, it may be seen that 
the harmonic voltage Eo acts through a circuit comprising Xm in series 


CALCULATION OF PHENOMENA 


41 


with two other impedances {nXg, Xc/n) which are in parallel with 
each other. The parallel branch may have a resultant value which is 
either positive, or negative, or infinity corresponding to parallel reso¬ 
nance. If the resultant value of the parallel branch is positive, En 
will be smaller than Eq. If negative and numerically more than one- 
half of Xm, En will be greater than Eo- If negative and numerically 
equal to Xm, series resonance exists and E„ would be infinity if losses 
and saturation did not intervene. If infinity, En will be equal toEo. 

From Fig. 2 and the foregoing discussion, it may be evident that 
both the theory and the calculation of the phenomena are quite 
Himple. This, however, must not be taken to mean that great accuracy 
I'an be claimed for calculated values, as the constants used are only 
approximate, and saturation alters Xm markedly under conditions of 
liUonsified harmonic currents. The real value of such calculations is 
largely to determine whether circuit constants are in such a range as 
to show appreciable harmonic voltages on the lines, and if so which 
liar monies may be expected to appear. 

Calculation of Phenomena. By inspection of Fig. 2, we may write 

E. = Eol ^ (4) 

VAgitefnal “r 

The external reactance consists of an inductive branch nXg in 
parallel with a capacitive branch Xc/n. Hence 


X 


ext. 


XgXc 


nXg — Xc/n 


(5) 


Obviously, the major problem in calculation is that of obtaining 
(hr proper values of the circuit constants. 

Xg, Generator Reactance. This probably is the most difficult value 
to (Irlcrmine for various harmonics. In the absence of experimental 
I III urination, it may be assumed as n times the standstill reactance 
fui normal frequency, n being the harmonic. However, the value of 
HlaiidHtill reactance is likely to be difficult to obtain, and where 
arnirat(‘ harmonic calculations are desired, some experimental deter- 
liiliialion may have to be made. 

'To the generator reactance there must also be added the leakage 
iriM’l;nuH» of the step-up transformers and any other series reactances 
(hilt I hurt' may be, so that Xg is to be interpreted as the impedance of 
(lie g<‘iu‘rating source and intervening equipment including even the 
IliicH, if the reactance of the latter is appreciable. Since distributed 
rupiu'itaiice and distributed load may be assumed as lumped in the 
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middle, the value of line reactance to be added in such an approxima¬ 
tion would be that of on^-half of the length of the line. All these 
inductive reactances are of course to be multiplied by n for the wth 
harmonic. 

The leakage reactances of step-up transformers are of course fully 
a series reactance for the exciting current of the step-down transformers 
along the lines but only partially so for their own exciting currents. 
Therefore, combining the exciting currents of the step-up transformers 
with those of the step-down units involves a theoretical inaccuracy 
which, however, is likely to be much less than other uncertainties of 
the problem such as the losses at harmonic frequencies and the satura¬ 
tion. 

Xc, Capacitive Reactance of Line. In terms of the charging current 
of the lines, 

^ Voltage to neutral in terms of ohms, volts, 

® ~ /c amperes per wire (6) 

= — in terms of per unit values 


= —y— in terms of percentage values (7) 

J-c 

Per unit values are the more convenient figures to use. For the nth 
harmonic, the charging current is {n) times, the capacitance reactance 
(1/w) times, that of the fundamental, 

Xmy The Magnetizing Reactance. This is conveniently derived 
from the magnetizing current Im 


%X,, = 


per unit = 


10,000 

%Im 

1/per unit Im 


As stated previously, the transformer magnetizing impedance may 
be taken approximately as the same figure for all the higher harmonics 
as for the fundamental, without multiplication by (w). This is a 
parallel case to the synchronous impedance of an alternator which is 
substantially the same for all its own harmonics imposed from the 
outside. 

Losses. The most important losses preventing any large intensi¬ 
fication of E by resonance are the core losses of the transformers. The 
exciting current of transformers ordinarily has a relatively high power 
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factor (of the order of 20 per cent). It is difficult to estimate the 
losses for the harmonics, which of course are relatively high. Rather 
than attempt to introduce into the equations arbitrary effective 
resistance values, it is more practical to calculate the upper limits of 
intensification of Eq, and adjust the circuit constants so as to avoid 
resonant ranges. It will be appreciated that, the higher the harmonic, 
the smaller is %Fo, the higher will be the circuit losses preventing 
resonance for it, and therefore the more negligible will be the harmonic 
troubles. Even for the fifth and seventh harmonics, maximum inten¬ 
sification by resonance is found by tests to be very moderate. Still 
higher harmonics can in general be ignored altogether. 

Example. 132,000-volt SO-mile single-phase line; one 20,000 kv-a. single-phase 
generator; one 15,000 kv-a. step-up transformer; seven 4500 kv-a. step-down 
Iransformers distributed along the line. 


TABLE III 


Circuit Constants 

At 25 Cycles on the 
Base of 20,000 kv-a. 
(Round Figures) 

.\g 

generator. 

step-up transformer. 

line. 

40% 

14% 

2% + 56% 

5% 

- 2000% 

5% 

+ 2000% 

L 


.V„ (= 10,000/%Ic). 

Im (including step-up bank). 

V- . 

T" 



Harmonic for Which the External Circuit Is in Parallel Resonance. Parallel 
irMonance will take place when the line capacitive reactance equals the generator 
H';ir|ance (not the transformer magnetizing reactance). That is, when 

til' 

n = VXcjXg = V2000/56 
= 5.98 (that is, 6th harmonic) 

'This means that all harmonics below the sixth will have a value on the lines less 
limn Eo, approaching Eo as the harmonic approaches the sixth; and that, above the 
alnlli harmonic, the external reactance will become negative and will intensify the 
Imi nionic voltage Eo, until X^xt. is reduced to one-half of Xm< 
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Harmonic for Which the Circuit Will Be in Series Resonance. Series resonance 
will take place when the external reactance is equal and opposite to the internal 
reactance, that is, when f 

__ ^ 

n 


Hence 


-56 X 2000 
56n - 2000 
n 


2000 


n = 6.5 


This would indicate that series resonance is close to the seventh harmonic (as 
sixth harmonic need not be considered, being even and normally non-existent). 

Harmonic Voltages on the Lines. The actual calculated harmonic line-voltages 
will be as follows: 

By equation (5) 

Xex.%. = 225 for the 3d harmonic 


= 933 " 

" 5th 

= CO ** 

** 5.9th 

= -2000 

“ 6.5th 

= -1050 ‘‘ 

“ 7th 


By Equation (1) and Table II, the harmonic voltages in the lines will be 

/ 933 \ 

= \0( - r= 10 X 0.32 ^3% 

V933 + 2000/ 

^ / -1050 \ 

\-1050 + 2000/ ^ — /o 

The minus sign means that the phase of the harmonic voltage is reversed. 

Distribution of Harmonic Voltages along the Lines. In the 

foregoing calculations, the line capacitance was assumed massed in 
the middle and the line reactance was taken for only half the length (2 
per cent at fundamental frequency). Obviously, 2.5 per cent third- 
harmonic exciting current flowing through 3X2 per cent third-har¬ 
monic reactance must produce a negligible drop. 

Considering wave phenomena, the wave lengths of the harmonics 
under consideration are: 
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TABLE IV 


Harmonic 

Full Wave, miles 

J Wave, miles 

Fundumental . 

7520 

1880 

Jrd . 

2507 

627 

Ith . 

1504 

376 

7(h . 

1074 

270 



Obviously a 50-mile line is quite far from quarter wave length for 
the third and the fifth. Considering the seventh, and assuming the 
WOi'Ht conditions, namely, all the exciting-current load at one end of 
thr li no, and the generator impedance high enough for the harmonics 
(o Im* considered open-circuit, the seventh-harmonic voltage intensi- 
fli'wlion in 50 miles would be * 



_ 1 _ 

270 - 50 
270 



1.04 


(lint is, only 4 per cent rise in seventh-harmonic voltage from one end 
(o llu* other. 

('onsidering a 100-mile line instead of 50, for the foregoing case, 
tlin multiplication of the seventh harmonic voltage along the line will be 


sin 


_ 1_ 

/270 - 100 
\ 270 



1.20 


llml in, a fifth higher at the other end (generator end) than at the 
Iruimformer bank. This, of course, is appreciable, but not even half 
of IIiIh could be realized on account of the exciting-current load being 
ilUtiibuted and the generator impedance being very far from open 
I'lrr'iiit. 

Ill view of the foregoing, the third, fifth, and seventh-harmonic 
VolUig^'H may be assumed substantially uniform on a 50- to 100-mile 
line, 

Effect of Load on the Lines. The effect of a load on the lines is 
(o lower the external impedance and increase the losses. This may be 
rnleiilaU‘d by elementary methods, and the resulting value of Z^xt. used 
til r;quation (4), which, however, must now be treated vectorially 

t 

* I'or Lhc derivation of the formula see "Transmission Line Theory," by Franklin 
Hiid I'cniuin, pp. 64-65. 
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as the load is likely to have relatively high power factor as compared 
with the impedances of the system. Both experience and theory 
agree that, as load corned on, the harmonic voltages on the lines 
diminish. 

Experimental Study of Maximum Resonance Possibilities. In 

view of the uncertainty of losses (especially the core loss) for various 
harmonics, and the difficulty of taking saturation into account mathe¬ 
matically, a series of tests were made to determine maximum resonant 
values which could be produced in the laboratory. A brief account of 
the method of tests and the data obtained are given below. Perusal 
of the tabulated data shows that the maximum fifth harmonic voltage 
which could be produced by resonance was 12.6 per cent and the 
maximum seventh harmonic 9.4 per cent. Without considering these 
values as absolute upper limits^ we may yet be justified in considering 
them as representative of the upper range of resonance values for these 
harmonics. 


tiy 

5000% 


1____ll___I 

Transformer ^ Regutator 

Fig. 3. —Experimental Circuit with Approximate Ranges of Its 60-Cycle Constants. 



/.59k 


54 % 


Experimental Circuit. Fig. 3 iS a schematic diagram (equivalent 
network) of the test circuit, and Fig. 4 its simplified form. The regu¬ 
lator shown in the sketch was 
used for the purpose of vary¬ 
ing the capacitance load of 
the circuit perfectly smoothly 
so as not to miss the maxi¬ 
mum resonant combination 
of circuit constants. It was 
underexcited to reduce its 
exciting current. Detailed 
data on the test circuit are 
tabulated in the Appendix. Very long oscillograms were taken, as 
the circuit constants were continuously varied, to make certain 
that maximum resonant values were produced. The reader who 



4.—Approximate 60-Cycle Equivalent 
Circuit of Fig. 3. 
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may be interested in more details of these tests is referred to the 
original paper.* 

Data. Data were obtained corresponding to three representative 
densities: 

(«) Low density with about 60 kilolines per square inch (9.5 kilo- 
gausses) in the center legs of the cores. 

(b) Medium density with about 80 kilolines per square inch (12.4 
kilogausses) in the center leg. 

(c) Extra high density, above 100 kilolines per square inch (above 
15.5 kilogausses). This density is above the range of transformer 
densities, the object in testing them being merely to determine the 
limit towards which the harmonic phenomena under consideration 

tend. 

4'he data obtained were all oscillographic records (Figs. 5 to 16) of 
eiirri'nt and voltage (mostly those of the capacitor circuit). Their 
analyses are given in Tables III and IV, the former for the fifth 
lia rnionic, the latter for the seventh. In most instances, only the 
current wave was analyzed directly, the harmonics of the capacitance 
vollage being calculated from the harmonics of the current in the 
Invi'ise ratio of the order of the harmonics. Thus, the percentage 
iinii-i larmonic voltage was taken as one-fifth of the percentage fifth- 
ha rmonic current, the percentage seventh-harmonic voltage as one- 
wcvt'iitli of the percentage seventh-harmonic current, etc. Both the 
convenience and the accuracy of this procedure will be recognized by 
Con Hi dering the fact that in a capacitance load the harmonics are more 
IHdininent in the current than in the voltage. Values much less than 1 
pel' (‘(‘lit are entered as zero, and those around unity as one, since 
I hem* data are intended to be used merely as indicative of the order of 
iniigiiiUide of these harmonics. 

'riu* maximum value of a given harmonic voltage is of the same 
order of magnitude at medium densities as at low densities, and is not 
H great deal more at high densities. For instance, for the seventh- 
htii nionic voltage, we have the values (with and without the regulator, 
ir'Hpectively); at high density (15.6 kilogausses or 100 kilolines per 
nqiiiiri' inch) 8.1 per cent, 5.4 per cent; at medium density (12.5 kilo- 
gnuHH(‘H or 80 kilolines per square inch) 9.4 per cent, 5.1 per cent; and 
Ml low density (9.4 kilogausses) 5.1 per cent, 6.1 per cent. For the 
III ill harmonic we have the values (with and without the regulator): 
III high (U'lisity (1S.6 kilogausses) 12.6 per cent, 6.2 per cent; at 

* “Expcrimentfil Study of the Possibility of Fifth and Seventh Harmonic Reson- 
rtiho ill Tnitinforniers,” A. Boyajian, General Electric Review, March, 1926. 
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Fig. 5.—Current and Voltage Waves of the Capacitor in Fig. 3 with Maximum 
Fifth-harmonic Resonance. Transformer B = 100 kilolines per sq. in. = 15.6 

kilogausses. 



Fig. 6.—Current and Voltage Waves of the fapacitor in Fig. 3 with Maximum 
Fifth-harmonic Resonance, Regulator Omitted. Transformer B = 100 kilolines 
per sq. in. = 15.6 kilogausses. 



Fig. 7. —Current and Voltage Waves of the Capacitor in Fig. 3 with Maximum 
Fifth-harmonic Resonance. Transformer 5 = 80 kilolines per sq. in. = 12.5 

kilogausses. 
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irjQ, 8.—Current and Voltage Waves of the Capacitor in Fig. 3 with Maximum 
Pifth-harmonic Resonance, Regulator Omitted. Transformer 5 = 80- kilolines 
per sq. in. = 12.5 kilogausses. 



Pio, 9. — Current and Voltage Waves of the Capacitor in Fig. 3 with Maximum 
I'Mfth-harmonic Resonance. Transformer jB = 60 kilolines per sq. in. = 9.4 

kilogausses. 



|r|,j. 10.—Current and Voltage Waves of the Capacitor in Fig. 3 with Maximum 
|‘'lflh-harmonic Resonance, Regulator Omitted. Transformer 5 = 60 kilolines 
per sq. in. = 9.4 kilogausses. 


Oscillograms Showing Fifth-harmonic Resonance 
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Fig. 11.—Current and Voltage Waves of the Capacitor in Fig. 3 with Maximum 
Seventh-harmonic Resonance. Transformer B = 100 kilolines per sq. in. = 15.6 

kilogausses. 



Fig. 12. —Current and Voltage Waves of the Capacitor in Fig. 3 with Maximum 
Seventh-harmonic Resonance, Regulator Omitted. Transformer B = 100 kilolines 
per sq, in. = 15.6 kilogausses. 



Fig. 13.—Current and Voltage Waves of the Capacitor in Fig. 3 with Maximum 
Seventh-harmonic Resonance. Transformer P = 80 kilolines per sq. in. = 12,5 

kilogausses, 
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|M(i. 14. "-Current and Voltage Waves of the Capacitor in Fig. 3 with Maximum 
idverilh -harmonic Resonance, Regulator Omitted. Transformer 5 = 80 kilolines 
per sq. in. = 12.5 kilogausses. 



Kio, 15. —Current and Voltage Waves of the Capacitor in Fig. 3 with Maximum 
Hpvmil li-harmonic Resonance. Transformer B = 60 kilolines per sq. in. = 9.4 

kilogausses. 



16. -Current and Voltage Waves of the Capacitor in Fig. 3 with Maximum 
'^Vi'iif hdiarnionic Resonance. Transformer B = 60 kilolines per sq. in. = 9.4 

kilogausses. 


Oscillograms Showing Seventh-harmonic Resonance 
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medium density (12.5 kilogausses) 4.2 per cent, 3 per cent; and at low 
density (9.4 kilogausses) ^.9 per cent, 4.2 per cent. 


TABLE III 

Fifth-Harmonic Resonance Data 


Fig. 

B 1 

I IN 

Per Cent ^ 

E IN 

Per Cent * 

Comments 

5th 

7th 

11th 

Sih 

7th 

11th 

5 

100 

63 

13 

0.75 

12.6 

1.9 

0 

With regulator 

6 

100 

31.3 

17 

4.7 

6.2 

2.4 

0 

Without regulator 

7 

80 

21 

6.6 

0.73 

4.2 

0.9 

0 

With regulator 

8 

80 

15 

5.25 

4.9'’ 

3 

0.75 

0 

Without regulator 

9 

60 

23.5 

8.9 

0.0 

4.9 

1.3 

0 

With regulator 

10 

60 

21 

7 

3.4 

4.2. 

1 

0 

Without regulator 


1 5 is the nominal flux denpity in the core in kilolines per square inch. 

2 The values of the harmonics of the secondary current are expressed as percentages of the fundamental of 
the current under that particular condition. 

* The values of the harmonics of the secondary terminal voltages are expressed as percentages of the funda¬ 
mental under that particular condition. ' 


TABLE IV 


Seventh-Harmonic Resonance Data 


Fig. 

B * 

I IN 

Per Cent * 

E IN Per Cent ® 

Comments 

5th 

7th 

11th 

•Sth 

7tb 

Hth 

11 1 

100 

11.4 

57 

3 

2.3 

8.1 

0 

With regulator 

12 

100 

10 

38 

6.3 

2 

5.4 

0 

Without regulator 

^ 13 

80 

8 

66 

4 

1.6 

9.4 

0 1 

With regulator 

14 

80 

11.2 

36 

10 

2.2 

5.1 

1 

Without regulator 

15 

60 

6.5 

36 

6 

1.3 

5.1 

0 

With regulator 

16 

60 

7.8 

43 

12 

1.6 

6.1 

1 

Without regulator 


^ 5 is the nominal flux density in'the core in kilolines per square inch. 

®The values of the harmonics of the secondary current are expressed as percentages of the fundamental of 
the current under that particular condition. 

® The values of the harmonics of the secondary terminal voltages are expressed as percentages of the funda¬ 
mental under that particular condition. 
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IMPEDANCE CHARACTERISTICS OF TRANSFORMERS 

By a. Boyajian 

Impedance Losses, the Price of Current Transformation. Cur¬ 
rent and voltage transformations through a transformer are associated 
wiili a loss: the current transformation is accomplished at the expense 
Ilf an impedance loss, just as the voltage transformation is accom- 
pliMlu'd at the expense of an excitation loss. In terms of current and 
vollagc, current transformation results in a loss of voltage; voltage 
I rmiHformation, in a loss of current. 

'I'he impedance loss associated with the load current has a watt 
roinpoiient which is practically all copper loss, and a wattless lagging 
component which corresponds to the reversible magnetization of the 
Kpace between the primary and secondary windings. 

Impedance data are essential for the calculation of efficiency, 
Vol(ag(! regulation, temperature rise, short-circuit currents and forces, 
ami in the predetermination of the suitability of transformers for 
paralltil operation. 

Test Circuit for the Measurement of Transformer Impedance. 

In contrast with the excitation characteristics of a transformer which 
arc (’onveniently measured by 
ImprcHsing the rated voltage on 
I lie Iransformer with open-cir- 
nillcd secondary so as to avoid 
any emrent output and corre- 
apomling impedance losses, the 
Impedance data of a transformer 
aic conveniently determined 
liy passing the rated current 
lliiough the transformer with 
allot I circuited secondary so as 
III avoid a voltage output and 
roiU'Hponding excitation losses. 

(Ida, I.) The voltage and the 
Will In injiut necessary to force the rated current through the trans- 
(oi liter under this condition constitute the impedance volts and the 
Impedance watts of the transformer, respectively. 
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Fig. 1.— Connections for Load-loss (or 
Impedance-loss) and Impedance-voltage 
Test of a Single-phase Transformer, 
Current and Potential Transformers are 
Introduced when Necessary. 
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The impedance watts will measure practically the same value no 
matter which winding is^ treated as primary, which as secondary; 
but the impedance volts will not be the same, unless the windings 
involved have the same rated voltage. The measured impedance 
voltage is, therefore, the impedance voltage of the transformer as 
viewed from a particular winding. If the impedance voltage of the 
transformer is expressed as a percentage of the rated voltage of the 
corresponding winding, then its value like that of the impedance 
watts will be the same (substantially) for either winding. 

The impedance voltage generally falls within the range of 3-10 per 
cent of the rated voltage of the excited winding, but higher or lower 
values can be designed when needed for a particular reason. 

As the excitation characteristics of the transformer are the char¬ 
acteristics associated with the voltage impressed on the transformer, 
and the impedance characteristics are those associated with the current 
drawn from the transformer, it follows that the excitation character¬ 
istics are of the nature of a shunt admittance^ whereas the impedance 
characteristics are of the nature of a series impedance. This will be 
discussed further at a later point in connection with the equivalent 
circuit of the transformer! 

For details of the technique of impedance tests, the reader is 
referred to the appropriate test codes issued by the A.I.E.E. and the 
A.S.A. 

Components of the Impedance Losses, The losses associated 
with the load currents include items such as {a) the PR losses in the 
conductors as for direct current; {h) the eddy-current losses in the 
conductors caused by the alternafing leakage flux in the conductors; 
and (r) hysteresis and eddy currents in the tank, clamps, and core 
plates caused by the alternating leakage flux cutting them. The losses 
-Q}) and (r) may be grouped together as "stray losses." 

It is not practicable to measure each component loss separately; 
they are measured as a whole in the impedance test, and the com¬ 
ponents are computed from the total losses and the measured value 
of the d-c. resistance of the windings as follows: 

The PR losses of the two windings are calculated from the d-c. 
resistance measurements (reduced to the temperature at which the 
impedance test has been made) and the currents used in the impedance 
measurement. These PR losses subtracted from the impedance watts 
give the stray losses of the transformer. Thus, if Ii and I 2 are the 
respective current values of the high- and low-voltage windings in the 
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impedance test, and Ri and R 2 the respective d-c. resistance values 
at the temperature of the impedance test, then 

PR = PiRi + P 2 R 2 (1) 

Stray losses = Total impedance loss — {Ii^Ri + I^R^ (2) 

Segregation of the impedance losses into component elements is 
necessary not merely from the standpoint of the designer for accurate 
pi’i'diction and control of losses, but also from the operating stand¬ 
point in converting the losses from one temperature basis (at which 
llu'y may have been measured, for instance) to another temperature 
basis (on which let us say the guarantees might be based, as it is 
I'liMlomary to base efficiency data on 75° C. losses, while tests may be 
niiidt' around 20-25° C.), because these components are affected dif- 
fciviitly by a change in temperature, the PR component increasing 
and the stray losses decreasing with the increasing temperature. 

Components of the Impedance Voltage. The in-phase or loss 
compf)nent of the impedance volts is determined by the product of the 
ciirriMit and the effective a-c, resistance of the transformer, while the 
(piiidrature or reactance component is determined by the leakage flux 
linkiigcs of the two windings. It is not practicable to measure the 
al1r( live resistance drop and the reactance drop separately, but if the 
1 1)1 id impedance drop is measured, and the effective a-c. resistance 
driermined from an impedance watts measurements, the resistance 
drop and the reactance drop are easily computed. 

Impedance watts 


l'!ffe('tive resistance drop = 
IriTective reactance drop 


Current 


V"(Impedance drop)^ — (Effective resistance drop)^ 


(3) 


(4) 


nbvioiisly, the amperes and volts in these formulas refer to the 
Mine riri'uit terminals; or, better yet, they may be expressed as per- 
tiinliiKes or per unit values as discussed in a later paragraph. The 
WrtI In will be the same for either winding. 

► Cniculation of the Impedance Losses and Effective Resistance. 
^ Ohm if Resistance Loss, PR. The ohmic resistance Roi a. copper wind- 
r Inu ix giviMi by 

8-32L 


R = 


lOM 

9.92L 


ohms at 25° C. 


ohms at 75° C. 


(Sa) 


{5b) 
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in which L is the total length of the conductor in feet, and A is its 
cross section in square inches. 

This loss may also be calculated as watts per pound of copper, 
Wc, by 

Wc = 2.55^210-6 watts/lb. at 75° C. (6) 

in which D is the current density in the conductor in amperes per 
square inch. 

Stray A~C, Losses, These losses are classifiable into two classes: 
(a) eddy-current losses in the conductor; and {h) losses in clamps, 
tanks, and core, occasioned by the straying leakage flux. 

Eddy-current losses in the conductors can be calculated fairly 
easily and accurately, but the impedance losses in clamps, tank, and 
core are generally calculable only with the aid of empirical constants 
based on experience with specific types of constructions, on account 
of the great non-uniformity of the distribution of the leakage flux 
density in those members. 

Eddy-Current Losses. The watt losses in a conductor are invari¬ 
ably higher for an alternating current than for direct current of the 
same r.m.s. value. The excess loss is spoken of variously as skin effect, 
as unequal division or distribution of current, as circulating current, 
and as eddy-current loss. In a single round conductor away from the 
field of other conductors, the current density and losses per unit 
volume are found to increase from the’axis towards the surface of the 
wire, with circular symmetry. With increasing frequency or increas¬ 
ing size of conductor, an increasing tendency is noted for the current 
to be relatively concentrated near the surface of the conductor, hence 
the phenomenon is appropriately called *'skin effect.” The appro¬ 
priateness of the designation ”unequal distribution of current” is also 
obvious. When the phenomenon is analyzed and it is discovered that 
the actual current distribution can be resolved into two superposed 
distributions—one normal like the d-c. distribution, and the other 
circulating within the conductor without getting out of it—the 
appellation circulating current” is seen to be appropriate. Finally, 
if the circulating currents are irregular or form short local loops, the 
”eddy current” designation is seen to be more expressive. 

Calculation of Eddy-Current Loss. Field Uniform. If a copper 
conductor of rectangular cross section is located in a straight and 
uniform alternating magnetic field perpendicular to its axis and par¬ 
allel to one face (Fig. 2), the eddy-current losses in it are given by 


Eddy loss = watts/lb. at 75° C. (7) 
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in which w is the width of the conductor in a direction perpendicular 
(o the flux, / is frequency, and -Bmax. is the maximum instantaneous 
IIMX density in lines per square inch perpendicular to the dimension w. 
'The formula is an approximation, but holds reasonably closely for 
copper conductors up to zy = f in., at 60 cycles. The dimension of 
|lu‘ conductor parallel to the flux lines does not enter into the eddy-loss 
forniula. (If the conductor is round and its diameter is substituted 
for Wj the eddy loss is only three-quarters of that given by the above 
formula.) 

According to the above formula, for the lower range of the product 
of fr('quency and conductor width, the eddy losses in copper vary 
HH /F(zy/)2. 

h'or the other extreme, that is, for very large values of the product 
of fr(‘(iuency and conductor width (for which Equation (7) does not 
hold), the eddy loss varies as This change arises from the 

fiM’l that the circulating or eddy currents tend to demagnetize the 
Held within the conductor and this effect becomes increasingly prom- 
liK'nl with increasing value of (wf). 

Field Non-Uniform. In transformers the leakage magnetic fields 
ttiv not uniform as one progresses (transversely to the flux lines) 
from one coil face to the opposite (Fig. 3), unless the coil in question is 
Till l ying no current. For the non-uniform case (Fig. 3) varying along 
M Nil night line, the formula becomes 

ImIiIv liiss = 62.5 X watts/lb. at 75° C (8) 

o 

In which and B 2 are the maximum instantaneous flux densities at 
(nod p.'irallel to) opposite faces. If Bi and B 2 have opposite algebraic 
' iluiiH, jlunr product will be negative. The leakage flux densities in the 
Viiiiniis ducts of a transformer winding assembly being known, the 
mU\y loss per pound of intervening coils is readily calculated. It is 
lo be realized, however, that the leakage fluxes within the windings 
rile never rigidly straight, and therefore the eddy-loss calculations in 
'Heiieial are only reasonable approximations. The formula applies 
riiinallv w('ll whether the winding assembly is concentric or interleaved, 
NNi epi lha! Ihe magnetic field is more curved in the latter than in the 
fiMMiei and the calculation less exact. 

Knduction of Eddy-Current Losses. Heavier current transformers 
mil 1 01 larger conductors, and the eddy-current losses tend to increase 
riN I he square of the conductor width. Typical examples are large 
• till iiiM e (ransformers. 
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High eddy losses can be reduced in either one of two ways: (a) to 
reduce the w, that is, the dimension perpendicular to the leakage flux, 
and increase the other ciimension of the conductor so as to avoid 
reducing the cross section; and (t) to subdivide the conductor into 
strands and transpose them. Method (a) is limited because it tends 
to change the coil dimensions, leakage field, reactance, mechanical 
strength, etc. In cases of high eddy losses, method 
{h) has to be resorted to. 

If the strands of a conductor are not transposed, 
the same circulating current will exist among them 
owing to their unequal flux linkages, and little or 
nothing will be gained by stranding regardless of 
whether the strands are insulated or bare, as long 
as they all have to be soldered together for con¬ 
nection to line leads. But if they are insulated 
from each other and transposed in such a way 
that the leakage flux linkages of each strand will 
be the same, the eddy loss may then be calculated 
using for w the width of one strand alone. As the 
eddy Joss varies with the square of w, loss can be 
greatly reduced in this way. 

Theoretically, ideal transposition, effective in both uniform and 
non-uniform fields, would require that every strand duplicate the 
position of every other strand in each turn. This 
may be closely approximated by a stranded cable 
which, however, would be uneconomic ally wasteful 
of space and mechanically weak for transformer 
use. Such extreme measures, however, are not 
necessary. If the conductor is moderately sub¬ 
divided, and the strands transposed between planes 
of symmetry along the leakage field, the purpose 
will be accomplished sufficiently well. For instance, 
if the conductor is subdivided into two insulated 
strands and transposed at proper points the eddy 
losses are divided by 4. Subdividing the con¬ 
ductor into four strands, and transposing them 
perfectly, would divide the eddy loss by 16, etc. 

Frequently great benefits can be secured even by partial trans¬ 
positions. 

Methods of Transposition. Simple Standard Transposition. Fig. 4 
shows in cross section high-current low-voltage windings on a two- 
legged core, with a simple transposition at the crossover between the 


1 



Fig. 3.— Varying 
Flux Density in the 
Conductor Section. 




Fig. 2. —Conductor 
with Reactangular 
Cross Section in a 
Magnetic Field Per¬ 
pendicular to its 
Axis and Parallel 
to One Face. 
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t wo legs, equivalent to one twisting of the conductor through 180°. 
With this type of transposition, the reactive drop of strands 1 and 4 
on the two legs is equalized for the leakage field under consideration. 
Similarly those of 2 and 3 are 
('(|iialized. However, that of 
1 (or 4) is not perfectly equal¬ 
ized with that of 2 (or 3), so 
that such a transposition is 
not an ideal transposition of 
four strands, and therefore 
I Iocs not divide the eddy 
losses by 16. It does, how¬ 
ever, a great deal better than 
divide the eddy loss by 4 on 
n e('() u n t of the add itional 
partial transposition between 
I and 2 (and also between 3 
Mild 4) after the perfect trans¬ 
position of (1, 2) with respect 
to (3, 4). With four strands, 

Niieli a transposition is found 
to ilivide the eddy loss by 
Mppi'oximately 10. 

In single-coil per phase 
designs such a transposition 
liMH to be made in the middle 
ol llu‘ coil. As twisting the 
roiidiK'tor would be difficult, cumbersome, space-consuming, and also 
damaging to the insulation, the mechanics of the transposition is 
eondueled as illustrated in Fig. 5, This does not overbuild the coil, 

but only requires the space 
of an extra turn and duct. 

Perfect transposition of 
four strands can be accom¬ 
plished in three steps as 
follows. 

Transposition of Four 
Strands in Three Steps. If, 
in a two-legged design like 
I ig- 1, (lu‘ strands are transposed in the middle of each coil in 

a .. with Fig. 6, in addition to the transposition at the 

i |n!^Hov(‘r between the two legs shown in Fig. 4 complete transposition 



Tilt 3. Fraclical Transposition of Four Strands 
nl Ship ('onductor Corresponding to a Twist 
|liiini|,'li 180 Degrees. This Equalizes the Cur- 
li’Mlii til Strands 1 and 4; similarly those of 2 
and 3. 



Fig. 4. —Helical Low-voltage Winding for 
Heavy Currents with Stranded Conductor 
Transposed at the Crossover between the 
Two Legs. 
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Fig. 6. —Transposition which Equalizes 
the Current of Strand 2 with that of 4, and 
the Current of Strand 1 with that of 3. 
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of the four strands is secured, and the eddy loss due to the axial leakage 

field is divided by 16 as com¬ 
pared with the untransposed 
conductor. In Fig. 6, strands 1 
and 2 do not change places with 
each other, nor 3 and 4 with 
each other. 

If there is only one coil per 
phase, a transposition like Fig. 
5 in the middle of the coil, and two transpositions like Fig. 6 at ap¬ 
proximately 25 and 75 per cent points of the coil, ^ 

respectively, accomplish approximately the same 
result. 

If the strands are more than four, the benefit 
of three such transpositions is still greater, but 
not equal to ideal transposition corresponding 
to that number of strands. 

Transpositions of any number of strands in 
any kind of field are best accomplished by pro¬ 
gressive transpositions described in the following 
paragraph. 

^^Progressive'' Transpositions of any Number 
of Strands, If the conductor is subdivided into 
as many strands as desired along w (the direction 
perpendicular to the leakage flux) and two strands 
in a direction perpendicular to the necessary 
transpositions can be conducted progressively by 
the use, at frequent intervals, of the scheme 
shown in Fig. 7 in cross section. The transition 
from (a) to {d) is obtained by going through 
operations {b) and (c) in accordance with the 
arrows. The strands can generally be rearranged 
within an inch along the turn, wasting hardly 
any space. It represents, however, only w/2 strand ^ition. 
transposition, n being the total number of 
strands in the conductor. In Fig. 7, n is ten, 
and the most that can be accomplished by it is a 
perfect five-strand transposition. Repeated njl 
times progressively at suitable intervals, a trans¬ 
position is obtained which will divide the eddy 
losses for the indicated leakage field by (w/2)2, 
that is, by 25. Repetition for a greater number of times docs not 
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Fig. 7.—Progressive 
Transposition. Cross 
Section of Conductor 
with Ten Strands. 
Dotted Arrows Show 
Leakage Field; Solid 
Arrows How the 
Strands Should be 
Moved to Carry Out 
the Desired Transpo- 
The Four 
Stages of Operation 
in One Transposition 
Shown Abg^e arc 
Carried Out at One 
Point Occupying 
About an Inch 
Longtli of the Con¬ 
ductor. 
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|■(*duce these losses further, but frequently such repetitions are 
iK'ccssary to secure the theoretical benefit in a non-uniform field. 

Stray Losses. It might appear from the foregoing that the excess 
of I he impedance losses of a transformer over its straight (d-c.) ohmic 
losses can be practically eliminated by suitable stranding and trans- 
|)osilions, but unfortunately this is not quite true. In the first place, 
(li(‘ foregoing discussion of eddy currents and transpositions has been 
l);ised on the assumption of a straight leakage flux within the coils, 
but these fluxes curve and fringe a great deal, so that the axial flux 
density near the end of a coil is less than one-half of that in the middle. 
'I'liis represents a large component of leakage flux transverse to the 
In:IiII leakage field and capable of producing eddy-current losses 
proportional to the square of the other dimension of the conductor 
W‘(’lion, sometimes necessitating transpositions in that direction also. 

If “progressive” transposition is used, then, by carrying it along 
for n steps instead of njl, the equivalent of an almost perfect two- 
Mliand transposition will be accomplished in the transverse direction 
in addition to the (w/2)-strand transposition in the original direction. 
'Thai is, if the conductor of Fig. 7 is transposed progressively at ten 
appropriate points, the eddy losses due to the longitudinal flux will be 
divided by 25, and those due to the transverse flux by 4, 

Complications arise when “appropriate” transposition points are 
(oo close together. 

Taps interfere with transpositions, as at the tapping points all the 
Ml rands must be soldered together to the tap lead. 

In high-current machines considerable excess losses take place in 
llu‘ heavy conductors leading from the coils to the outside terminals, 
losses are sometimes reduced by the use of several transposed 

bars. 

luldy-current losses occur not only in the copper but also in the 
core, core plates, clamps, and tank walls, and tank covers or other 
iiiagiu'tic materials surrounding heavy-current leads. In the higher- 
icaclance transformers, non-magnetic clamps are sometimes used to 
ic<bic(‘ the clamp losses, and magnetic shields in the form of copper 
j.^iids are sometimes placed next to the inside surface of the tank to 
icdiKX' the tank losses when the transformer in addition to being high 
n aclance is also low voltage in both windings, and therefore the tank 
IN via y close to the coils and the leakage field. 

I''ig. 8a shows the two leads of a winding brought through two 
IidIcs in the tank cover. Dotted arrows indicate the path of the flux 
ill llu' cover. As the flux has a completely closed iron path, small 
I iiiriMits in the leads can produce appreciable flux in the core; while 
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large currents, as in furnace transformers, can produce excessive fluxes 
and losses. If the positive lead and the negative lead are led through 
one hole instead of througfi separate holes, their magnetomotive forces 
neutralize each other so far as any all-iron magnetic circuit is con¬ 
cerned, and only a small leakage field is produced in the non-magnetic 
space between the leads. Fig. Sb illustrates how an oval opening is 
made in the steel tank cover to accommodate the bar leads of a furnace 




Fig. 8. —Magnetic Field of Leads Passing Through a Cover, a. Leads passing 
through separate holes, b. All of the leads passing through one enlarged hole 
through the coyer to make the net m.m.f. around the periphery of the hole zero. 
The hole is covered with a non-magnetic material. 


transformer and how the leads are arranged. Preferably a non¬ 
magnetic plate, slotted to permit the bars to pass through, is bolted to 
the tank cover to seal off the opening in the cover. 

‘‘Percentage” Impedance. Transformer impedance is usually 
given as a percentage, a scheme of specification much more significant 
and convenient than ohms or volts for practical purposes; more sig¬ 
nificant, because it is more closely related to the percentage voltage 
regulation, percentage efficiency, and the **times normal” short- 
circuit currents of the transformer; and more convenient, because its 
value is the same whether considered from the high- or low-voltage 
side of the transformer, no matter what the voltage rating of either 
winding may be.* Furthermore, the range of commercial transformer 
impedances is quite a narrow band when expressed as percentages, 
but an unlimited range when expressed in ohms. For instance, the 
usual transformer impedances range between 2 and 10 per cent, the 
higher values corresponding to the larger and higher voltage trans¬ 
formers, the lower values to distribution transformers. Impedances 
outside this range would be called for only in specialized applications. 

* An alternative to “per cent“ impedance is the less familiar but more co|- 
venient “per unit" impedance (or “times normal" voltaj^e value), 100 times tts 
small as percentage impedance. It omits the factor “100" from the equations which 
follow, and is therefore simpler in these and many other mathematical transforma¬ 
tions. 
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The basis of percentage impedance is defined as follows: 


Impedance volts 

Per cent impedance = 100 ^—;-— 

Rated terminal volts 


= 100 


Impedance ohms 
Ohms of rated load 


(9a) 

m 


= 100 

Similarly, 

Per cent effective resistance = 100 

= 100 ' 


Impedance volt-amperes 
Output volt-amperes 

Effective resistance drop 
Rated terminal voltage 

Effective resistance ohms 
Ohms of rated load 


(9c) 

(10a) 

(106) 


= 100 


Impedance watts 
Output volt-amperes 


Reactance voltage 

Per cent reactance = 100 —--:—;-^— 

Rated terminal volts 


= 100 


Reactance ohms 
Ohms of rated load 


(lOc) 

(11a) 

(116) 


Reactance volt-amperes ^ . 

= 100——-^- — - (11c) 

Output volt-amperes 

Impedance volts)^ — (% Effective resistance volts)^ (H^) 


Per cent current = 100 


Actual current 
Rated current 


Per cent voltage = 100 


Actual voltage 
Rated voltage 


( 12 ) 

(13) 


According to Equation (9a), the percentage impedance of a trans¬ 
former is percentage impedance volts; according to {9b), it is percentage 
impedance ohms; and according to (9c), it is percentage impedance 
volt-amperes. Obviously, all these three conceptions are equivalent to 
otic another. Similar comments apply to Equations (10a, b, c) for 
lilt' percentage effective resistance, and (11a, b, c, d) for the percentage 
ivactance. 
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All the quantities on the right-hand side of Equations (9a) and (96), 
as well as (10a) and (106), and (11a) and (116), must be on the basis 
of the same circuit. In'(9r), (10^:), and (11c), however, no such 
restriction is necessary. This illustrates the great value of dealing in 
volt-amperes and watts whenever possible, as such calculations are 
invariant to changes in the number of turns and corresponding current 
and voltage ratings of the circuit. We shall make further use of this 
principle in the following pages. 

The impedance voltage, and hence the percentage impedance, of 
a transformer increases with the load current, becoming 100 per cent 
at short circuit. Unless otherwise qualified, the percentage impedance 
refers to the rated load of the transformer. 

Formulas (9a), (10c), and (ll^f) are most convenient ones for the 
conversion of the impedance test data to percentage form. 

The Vector Diagram and the Equivalent Circuit. In general, the 
terminal voltages of a single-phase transformer under any load condi- 



Ei}= Primary Impressed Voltage 
Ef.= Secondary Output Voltage 
Ez= Impedance Drop Through 
the Transformer 



ip= 


Primary input Current 
Secondary Output Current 
Exciting Current in the Primary. 


Fig. 9. —Transformer Ter- * 
minal Voltages Under Load, 


Fig. 10. —Transformer Cur¬ 
rents Under Load. 


tion can be accurately represented on a 1 : 1 ratio b^is, or on per¬ 
centage or per unit basis for any ratio, by a simple triangle (Fig. 9), 
two sides of the triangle representing the primary terminal voltage, Ep, 
and the secondary terminal voltage, respectively, and the third 
side (geometric or vector difference between the first two) represent¬ 
ing a series impedance drop, E^, within the transformer. 

Similarly, the primary and secondary currents of a single-phase 
transformer under load can be accurately represented by a triangle, 
two sides representing respectively the primary current, 7p, and the 
secondary current. Is, and the third side (geometric or vector differ¬ 
ence between the first two) representing the exciting current, Ix. (See 
Fig. 10.) 
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To obtain a clear understanding of the relation between the current 
aiul voltage diagrams, it is useful to derive the induced voltages from 
llu‘ terminal voltages, and to know how these are modified by the 
Itn-sence of load currents. As the induced primary and secondary 
vnliages are obtained by simply subtracting vectorially the primary 
mid secondary (effective) resistance drops from the terminal voltages, 

I he triangle of induced voltages, consisting of the induced primary 
vctllage, E'p, induced secondary voltage, and the reactance volts 
IX\ is easily obtained (Fig. 11a). Since, for the iypic^ power trans¬ 
former under rated load conditions, the resistance drop is less than 
I per cent of the terminal voltage, the numerical difference between 
I (■ iniinal and induced pri- 
mai y and secondary voltages 
iippears to be negligible. 

From the induced voltage 
(liaiigle, the corresponding 
IIMX triangle can be readily 
derived, each side of which 
in perpendicular and propor- 
(ioMal to the induced voltages. 

'riius, in Fig. 12, the flux tri¬ 
angle consisting of a primary 
Ihix a secondary flux (ps, 
and a leakage flux (/)z is drawn 
ha niing a triangle propor- 
liiaial to, and sides respec- 
livi ly perpendicular to, the voltage triangle E^p, E^*, IX. These 
fluxes physically exist in the simplest transformer, and are 
Nli Mcturally related to each other, as shown in Fig. 116. From this 
il follows that the magnetic circuit of a transformer can be divided into 
I wo portions, one containing the primary and the other the secondary 
I1m\. The dividing line is determined by the point of entry of the 
lr.d<;ige flux into the iron. 

'I'he actual flux distribution in a typical single-phase transformer is 
mIiowii in Fig. 14a for a two-stack concentric-coil design on a two- 
Irggrd core, and in Fig. 146 for a single coil stack, concentric-coil 
dosign, using a three-legged core. A comparison of the two arrange- 
MioMis shows that the lengths of the primary and secondary flux paths 
IIh* (KUermined by the structural arrangement of coils and iron; in 
I’ ig. I4a the high-voltage flux path, (t>p, is very short, occupying only a 
(i.irlion of the yoke; whereas in Fig. 146 it is made up of the entire 
mil side length of the core, external to the coils. 






Voltages and Corresponding Fluxes. 
b. Flux Linkages in Elementary Trans¬ 
former. 
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The exact values of the two fluxes and their distribution within the 
core being known, the ^magnetomotive force (usually expressed in 
ampere-turns) is obtainable. It follows that there are two exciting 
ampere-turns, one corresponding to the secondary flux and the other 
corresponding to the primary flux. If each one of the two windings 
were connected to a source of rated potential in phase with the other, 
these two exciting ampere-turns would flow in the respective windings. 



Fig. 12.—Current, Voltage and Flux Vector Diagram of Transformer Under Load. 


If only one winding is connected to a source of potential, both of these 
two ampere-turns will flow in that one winding. 

The values and phase relations of the exciting currents u and ip 
can be obtained when the flux triangle, together with the flux distri¬ 
bution within the core, is known. These currents together with the 
primary and secondary load current form a closed four-sided polygon, 

Although, for purposes of theoretical calculation, it is very con¬ 
venient to divide the exciting current into two components, one 
associated with the primary flux and the other with the secondary 
flux, it does not follow, as pointed out above, that these currents are 
flowing respectively in the primary and secondary windings. Actually 


equivalent[circuits 
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under load conditions, as illustrated in Fig. 12, there exist only two 
currents, flowing in the primary winding and flowing in the 
Hccondary winding. The vector difference between these currents 
corresponds to the excitation requirement of the core, that is, the 
V('ctor sum of the ampere-turns required by the primary and secondary 
fluxes. 

Equivalent Circuits. It follows from the foregoing, also, that the 
c(iuivalent circuit of a transformer corresponds to that shown in Fig. 
13, consisting of primary 
mu I secondary series resis- 
tjiiices, Rp andRa, and three 



TonnnnnnnnfT^ 



Fig. 13.—Equivalent Circuit of Transformer. 


rcjK’tances Xp^ and Xu 
corrc'sponding to two (pri- 
iniiry and secondary) main 
flux(‘S and one leakage flux, 
rcHpi'ctively. As, gener- 

ully, a core loss is associated with each main flux, it is proper to 
pi|K'i'ik of primary and secondary (excitation) ifupeddfices rather than 
of reactances, and for this reason the equivalent diagram shows a 
rehistance shunting each reactance. 

'i'hus, the complete equivalent circuit of a transformer consists 

nf (iMg. 13): 

A . A series impedance (through which the load current has to 
flow) made up of: 

The resistance of the primary Rp. 

The resistance of the secondary Ra. 

The leakage reactance Xu 


II. A shunt admittance (into which the exciting current leaks) 
made up of: 

Primary exciting impedance Zp. 

Secondary exciting impedance 


’I'lic equivalent circuit developed above corresponds closely to 
I lie iiclual distribution of the total fluxes of the transformer, and 
empliasizes the unity of the leakage reactance of a pair of windings. 
'Die inoi t- commonly known equivalent circuit (Fig. ISa), on the other 

I.I, does not disclose this relationship but some other feature, and 

lenolves the leakage reactance into primary and secondary compo- 
iinilH. The two equivalent circuits are mathematically equivalent 
111 each other and equally valid. Fig. 13 is probably more adaptable 
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to the representation of saturation characteristics of the core than 
Fig. 15a. 



*P 

(a) (b) 


Fig. 14. —Flux Distribution in a Transformer, a. Concentric coils, two-legged core; 
excitation almost entirely in the low-voltage winding, b. Concentric coils on center 
leg of a three-legged core; excitation about equally divided between high voltage 

and low voltage. 


The ratio of the primary and secondary 



Fig. 15. —Equivalent Circuit of Transformer, 
fl. General circuit, b. Simplified approximate cir¬ 
cuit with entire leakage impedance assigned to 
secondary, c. Simplified approximate circuit with 
entire leakage impedance assigned to primary. 


leakage reactances is the 
inverse of that of the 
primary and secondary 
exciting reactances. 

Figs. 15^ and 15c show 
simplified equivalent cir¬ 
cuits which, though theo¬ 
retically only approxi¬ 
mate, are practically 
satisfactory for most pur¬ 
poses. They both show 
one shunt admittance 
branch in which the no- 
load or exciting current 
flows and the excitation 
losses take place, and one 
series impedance branch 
through which the load 
currents and short-circuit 
currents flow and the 
impedance losses take 
place. 

Mutual Effect of Ex¬ 
citation and Impedance 
Characteristics. As dis¬ 
cussed in the chapter on 
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excitation characteristics, to a very close approximation the shunt or 
rx('itation volt-amperes and watts of the transformer are independent 
(if the currents in the windings (as may be gathered also from the 
eiiuivalent circuits, especially from that of Fig. 15&), and, similarly, 
the sc'ries or impedance volt-amperes and watts of the transformer 
ttre substantially independent of the excitation on the windings, 
'riierefore, the total losses 
of a t ransformer under any 
Opeiating condition are 
Conventionally obtained 
by combining the corre- 
S| Minding excitation and 
lMi|M*dance losses as de¬ 
le n 11 i n cd independently 
of ca(‘li other. 

Reactance. Calcula- 
lion of Leakage Flux. Fig, 
i*(‘presents the longi- 
llldinal cross section of 
n simple transformer 
having concentric pri- 
lliaiy and secondary wind- 
lags and the leakage flux 
be I vvetm them produced 
by (lie equal and opposite 
primary and secondary 
«ni|)(‘r(^-turns. This fig¬ 
ure ('ould also represent 
I he cross section and mag- 
hrl ic field of two long bus 
biiiM ('arrying equal cur- 
leiils in opposite direc- 
lloiis and acting as return 
clrenil to each other. 

( oiiccived of as bus bars, 

/* and .V would be considered to form a single loop or coil, and the 
hiaynedc field would be calculated as that of a single coil. This fact 
iuggesls lliat the two independent solenoids P and S may be con- 
nldci cd as return circuits to each other, that is, as forming a single loop. 
This id('a is developed progressively in Fig. I7a, and c. The mag- 
Melomotivt^ forces and magnetic field of Fig. 17a can obviously be 
rr'(>hn’(‘(l by those of Fig. llh. This in its turn can be “developed, 



Distance Along 
Width of Field 



Fig. 16. —Leakage Field and Magnetomotive 
Force Diagram of a Simple Concentric Trans¬ 
former. 
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that is, straightened out, without materially changing the magnetic 
field, as in Fig. 17c. Thus, we see that P and S form one closed loop 
with reference to theif leakage magnetic field. This conception 
greatly simplifies the procedure in developing 
formulas for leakage reactance, permitting the use 
of single coil or solenoid formulas for the calcula¬ 
tion of reactance and leakage flux. 

In the upper portion of Fig. 16 is shown the 
m.m.f. diagram of the distributed ampere-turns 
due to the load current of the transformer. The 
m.m.f. at any point is the total ampere-turns of 
the windings to the left (or to the right)* of x, 
giving proper consideration to the algebraic signs 
of the currents, e.g., the primary considered posi¬ 
tive, secondary negative, or vice versa. The m.m.f. 
producing the field at the gap g is the ampere-turns 


C^) 


Fig. 17 —Illnstrating the Conception Primary and Secondary Winding as Return 
Circuits to Each Other, and Constituting Jointly a Single Circuit with a Single 
Reactance, a. End view of actual primary and secondary solenoids. Eirtcmal 
connections not shown. &. An equivalent of p and 5 extend the full length of 
the solenoids, c. Showing the curved rectangle of ( 6 ) '‘developed " or straightened outi 


of P or of 5 (not the sum of the two), and we may write, for the flux 
density, -Bp, in the gap 

47r NI V 

Pfl = — —j- gausses 

lU V 

= 3.2 lines/sq. in. (146) 

* The reader may convince himself easily that it is immaterial whether tho 
algebraic summation of the ampere-turns is reckoned from the left up to x, or from 
the right up to x, except for the algebraic sign of the sum. 
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In which I is the effective length of the leakage field along the axis of 
(he solenoids. 

To a first approximation, We may assume that the leakage flux 
density (Fig. 16) is uniform in a direction parallel to the coils from one 
end of the gap to the other; that, when the flux passes beyond the 
coils, it diverges rapidly, its density is reduced to a low value, most of 
tlu' Ilux finds the shortest path to the iron of the yokes or legs and 
relurns with negligible drop; and that, therefore, the reluctance of the 
Hillside path of the leakage flux is negligible. Accordingly, we may 
npproximate the proper value of I by the length h of the windings: 

B = 3.2 — lines/sq.in. (14c) 

h 


On this basis, the m.m.f. diagram of Fig. 16 becomes also the flux- 
density diagram. If the flux density in the gap g is taken as uniform, 
(lie (otal flux, (pgj in the gap will be the density multiplied by the area 
of (ho gap, 

(l)g = ^3.2 (2rrg) lines (15) 


where r is the mean radius of the gap, and g its width. 

'I'he contribution of this flux to the reactance voltage will be 
2iffN/10^ times the flux, 


es = 


(PX), = 



(16a) 

mimr,., 

108 h 

(166) 

126fN^rg 

ohms 

108^ 

(17) 

126f{Nr)hg 
-r- v-a. 

108 /j 

(18) 


I'.(Ination (18) emphasizes the fact that the leakage reactance of a 
(htiislonTier consumes wattless power in the leakage space. This 
(•qiialion has at least two very important advantages over (17) and 
(In) lor the purposes of this chapter. 

h'irst, it involves the quantity (NI) which is the same for the pri- 
lUiiiy as for the secondary, regardless of what their number of turns 
hiiiv l)(‘, whereas both (17) and (16) involve N by itself, which is 
dilleivni for different windings. Thus, the reactance volt-amperes of a 
(luiiHl'oriner are the same whether reckoned in terms of one or the other 
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of the two windings, in contrast with the reactance ohms which vary 
as the square of the turr^, and the reactance volts which vary as the 
first power of the turns. 

Second, the derivation of (16) and (17) implies that the flux links a 
certain winding and not another. Although it can be shown that, 
assuming the primary and the secondary windings connected in series 
opposition, it matters not whether the flux links the turns on the right 
or on the left, such discussions tend to become involved. Equation 
(18), however, can be used without any reference to flux linkages for, 
if so much reactive power is flowing into the leakage field, there must 
be that much reactive power input into the exciting winding (in addi¬ 
tion to any loads across the secondary), and, therefore, the transformer 

must display a corresponding 
effective leakage reactance be¬ 
tween its input and output ter¬ 
minals. This conception affords 
us a method (which we shall call 
“reactive kv-a. method'*) 
whereby Equation (18) may be 
extended readily so as to 
apply to more general winding 
arrangements and to non-uni¬ 
form fields. 

Reactive Kv-a. Method. Fig. 18 represents a generalized network 
through which the line current I finds its way. Assume that the 
distribution of the currents (^‘i, n, etc.) in the individual branches of 
the network is known, and the resistances (n, ^ 2 , etc.) of the branches 
are also given. Required to find the effective resistance, of the 
network between its input and output terminals. Obviously, the 
watts consumed by the network will be PR^n.^, the to be calculated. 
But the watts consumed by the network may also be obtained by 
summing up the watts in each branch:* 

PR^n. = + i 2 ^r 2 (19a) 

]t = n 

= (19i) 

1 

* The alternative to (20) would have been to find the effective impedance by 
simplifying the network by mesh-star and star-mesh transformations, or by deter¬ 
mining what are m series, what in parallel, and reducing the network accordingly, 
These are very laborious in contrast to the simplicity of (20). The reactive kv-a. 
method requires, of course, that the distribution of the currents be known, but tliia 
is a relatively easy matter in many of the transformer impedance problems. 



Fig. 18.—A General Resistance Network. 
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nnd, therefore, 




P 


( 20 ) 


This general method is equally applicable to the effective reactance 
of a network as to its resistance, and we may write: 


lc = n 

PX,^, = Yj 

1 

( 21 ) 

- p 

( 22 ) 



I'Mb I'J. Arrangement of Windings and Distribution of Leakage m.m.f. of an 
hili'i Ifnvrd Design, a. Arrangement of coils, h. M.m.f. diagram of the leakage 

field. 


The method applies not only to concentrated impedance links but 
mIhu Io distributed fields. 
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If the reactive v-a. in the different zones of the magnetic field are 
known, they can be added together to obtain the total reactive v-a. 
input into the circuit. Formulas have already been given to calculate 
the reactive v-a. in any gap in which the density is uniform. Since 
the reactive v-a. vary as the square of the ampere-turns acting on the 
gap (see Equation 18), it follows that the total effective cross section 
of the leakage field consisting of zones of different density can be 
found by adding the weighted cross section of the different zones, the 
weighting factor of each zone being proportional to the square of the 
ampere-turns acting on it. The procedure may be developed as 
follows: 


Leakage Field Non-Uniform in a Transverse Direction. Fig. 19a 
represents in cross section the general case of a set of flat primary and 
secondary coils sandwiched in with each other. The windings may be 
either shell-type “pancake” coils or core-type disc coils. Fig. 19b 
represents concentric windings with low-high-low arrangement. 

If the values of ii^X) in the different coils and gaps are known, 
the total effective reactance can be determined by Equation (22). 
Gap densities differ from each other, and their values follow the m.m.f. 
diagram (Fig. 19). Since the {pX) of a gap varies with the square 
of the flux density in the gap, the weighting factor for each gap will be 
{ni/NIp, {ni) being the ampere-turns acting on the gap, and {NI) 
the total ampere-turns of the primary (or secondary) winding. There¬ 
fore, the reactive v-a. consumed by the gaps will be (from Equations 
18 and 22), 




126f{NT)^ r 

108 h 


{ni)i 




2 j (ni)2 Y , 

I iVJ 1 



or letting {ni)k/(NI) be represented by w* for convenience, 


(PX) = 


126/(7V7)2r 


K = n 

Z 

4 ;= 1 


mk^gk v-a. 


(236) 


and no questions need be asked as to whether the fluxes close one 
way or another, or whether anything is in series or in parallel. 

The density of the leakage field within the coils themselves is not 
constant between the two surfaces of a given current-carrying coil, 
but at a given surface is the same as the density of the gap adjacent 
to that surface. Thus, for the ^th coil (Fig. 20), the relative density 
at one surface will be mk, at the other, mk-ij changing by (m* — 
through the coil width Wk. The relative density at x will be 


+ (mk — Wft_i) 
Wk 


(24) 
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and the summation for the reactive v-a. of the whole width of the 


vi)\\ will be 

(.T'^X^qI cqII 


126/(7V/)^ r 
108 h 



nik-i + — (nik — Mk-i) 

Wk 


2 

dx 


(25a) 


C'arrying out the simple integration indicated, and then summing up 
for all the coils. 


{PX) 


of all colls 


126 f{NlY r 

108 I ^ 


mi? + mk-P + mkntk^i 



(256) 


In (256) the algebraic sign of (mkink-i) 
must be entered correctly, as the magneto- 
molive force acting on a gap may be either 
positive or negative. Of course, (mk)^ and 
(oiic -i)^ will always be positive. 

The summation for the gaps (indicated by 
ImI llation 236) and that for the coils (indicated 
by Equation 256) may be combined, as in 
liquations (266) and (276), and conducted 
conveniently in tabular form. So we 
linve: 

(a) For Flat Coil Designs (Fig. 19a). 


x.l26/(iV/)2 , ^ 

(^^^)totai - X. ^ D (26a) 



Fig. 20.—Variation of 
Leakage Field Intensity 
Along the Width of a 
Coil and Its Contribu¬ 
tion to Reactive Volt- 
amperes. 


D = ^ ^ [mk^gk + (nik^ + fPk-i + mkmk~i)'Wk/3] (266) 

i:= 1 


In vvliieh iC * is introduced as a correction factor to compensate for 
vm ions approximate assumptions made, and D will be seen to be the 
clln live equivalent width of the leakage field as a uniform field with 
hill primary (or secondary) ampere-turns acting on it. 

(6) For Cylindrical Coil Designs (Fig. 196). 

Ill concentric transformers, the radius r is not the same for all the 
I niln and gaps, and r therefore must be included in the summation for 
/I as follows. Letting Vk stand for the mean radius of the ^th gap. 
Mild for that of the ^th coil. 


(/2^)total 


126/(iV/)^ 

im 


(rD) 


(27a) 


{rD) = \m^rkgk + (mi? + wzjt-F + mkmk-i)r'k’Wkli\ (276) 

ft-1 


Si'i* lupiiitiona (29), (30), anti (31). 
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Leakage Field Non-Uniform in a Longitudinal Direction. It may i 
be seen from the foregoing that the reactance calculation of a trans¬ 
former is rather involved. ^Yet, if Equations (26) and (27) were all 
there was to it, transformer designers would be contented. Buc these 
equations are only approximations, based on the assumptions that the 
flux density is uniform along the flux lines within the coil boundaries 
(which is not exactly right) and zero outside of the coil boundaries 
(which also is not exactly right). 

The degree of approximation involved in these equations is a 
function of the ratio 2h/\ X being the effective width of the field per 
wave length * of the m.m.f. diagram (Fig. 19): the larger this ratio, 
the closer is the approximation. In concentric transformers, with a 
2h/\ ratio of 10-20, the approximation is within commercial tolerance , 
limits. In shell type and in interleaved disc designs, with a 2h/\ ratio 4 . 
of the order of 1-4, this simple approximation is not acceptable, and 
some correction factor has to be applied. Even in concentric designs, ^ 
if the coils are extremely short compared with usual proportions, the 
m.m.f. drop in the outside path cannot be ignored. *, I 

Non-uniformity along the flux lines is found to be a much more, 
difficult problem than non-uniformity transverse to the flux lines, ‘ 
because the relative densities in the latter case can be approximated : ^ 
by the m.m.f. diagram (Fig. 19) and proper allowances made as in 
Equations (26) and (27), but no simple guide is available to the J i 

former. ■ 1 

Still more serious difficulties arise when the primary and secondary* I 
coils are of unequal length (fe 9 ^ hi)y or if either one of the coils is { ^ 
non-uniform, or if appreciable taps are taken out from within the ^ i 

windings. * i 

Some of the methods that have been proposed for the solution of 
one or another class of these problems are as follows: 

■ Empirical Correction Factors. Results within engineering require¬ 
ments can be obtained by empirical correction factors for a customary ‘ - 
range of proportions, based on a large number of data, but this method 
has the limitation that correction curves so obtained cannot be safely j 
extrapolated, and they fail when the design proportions are unusual. 1 
It must be realized further that this method is suitable only for 1 
simple symmetrical designs with primary and secondary coils of equal j 

length h. } 

Use of Self and Mutual Inductance Formulas. Equation (28) : 

Yi 2 = Xi + X 2 - 2Mi2 (28) 

♦ In syinmetrical designs, the m.m.f. diagram repeats itself like a stalling wave 
in space. One "'wave length", includes a positive and a negative loop. 
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d(‘fines the leakage reactance X 12 in terms of the self and mutual mag- 
lU'lizing reactances Xi, Y 2 , and M 12 , and, therefore, if these latter can 
Ih‘ computed, the former follows. Electrical literature, especially 
various bulletins of the National Bureau of Standards,* contains 
many valuable formulas for self and mutual inductance calculations. 

Although mathematically fundamental, this method has several 
practical difficulties and limitations: 

(a) Since, in this method, leakage inductance has to be obtained 
MH Ibe difference of two quantities very nearly equal to each other, 
Ibat is, as 

(Xi + X 2 ) - (271^12) 

(be self and mutual inductance value® have to be calculated correct 
|o four or more significant figures to obtain the leakage inductance 
corr(‘ct to two significant figures. Such calculations therefore cannot 
|m* made with ordinary slide rules. 

(/;) Self and mutual inductance formulas which take into account 
Coil tbickness are very laborious. 

(r) The presence of iron adds further factors to be taken into 
Hcroimt. In the majority of simple symmetrical designs, the core has 
very little effect on the leakage reactance, and air core self and mutual 
liiihictance formulas can be used for them if desired. But simple 
Nymnu'lrical designs do not require such laborious methods, and the 
very cases in which the reactance cannot be calculated by simple 
liirlbods generally are those whose reactance is influenced materially 
by lb(‘ presence of the iron core in the return magnetic circuit of a 
ronipoiicnt of the leakage field; and, therefore, the presence of the 
rniv bas to be taken into account, and air-core inductance formulas 
me nol adequate. The presence of the core can be taken into account 
by llu' so-called method of images discussed below, but it will be 
Mpprec'iated that the core is not a smooth continuous mirror, and 
llieiefore again simplifying approximations have to be made. 

{d) Irinally, if the primary and secondary windings cannot be 
rniisi(l<‘red as a single uniform continuous coil (and they cannot be so 
ronsidcTcd in shell-type or in interleaved disc coil designs, or in con- 
I'ciiliic designs having sections tapped out from the middle of the 
windings, or in any design with varying coil dimensions), then, self 
11 nd mutual inductance values have to be calculated not only for a 
Imge number of subdivisions of the windings, but also between the 
lning(‘s of each of these coils and the real coils. This labor mounts 

* Sec more especially Scientific Paper 169 of the National Bureau of Standards. 
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very rapidly with increasing number of coils, and inaccuracies due 
to use of limited number of significant figures in the various terms 
tend to increase. 

For these reasons, self and mutual inductance formulas are little 

used in leakage reactance computa- 
tions. 

Application of Field Equations, 
{a) Magnetic flux always forms a 
closed loop, in contrast to electro¬ 
static flux which radiates from one 
point and terminates at another. 

(b) If we consider a small spot in 
the magnetic field, say Q in Fig. (21), 
"and sum up the total m.m.f. (ampere- 
turns) consumed by the flux along 
the perimeter of the spot, this must 
equal the amperes flowing through the 
spot perpendicular to the spot. 

The presence of a current flow in 
the neighborhood of the spot but out¬ 
side of it will affect the flux at various 
points within the spot, but the m.m.f. 
of this will be found to cancel out 
when summed up around the spot. 

These two elementary facts, when 
stated in mathematical form * and 
solved with terminal conditions 
incorporated, give us a formula for 
the distribution of the magnetic field and hence a formula for 
reactance. 

* The two statements of paragraphs (a) and (&) take the mathematical forms 



Fig. 21 .—C Represents the Cross 
Section of a Conductor of any 
Shape Carrying a Current. Q is a 
Spot of Any Shape on the Cross 
Section. The Algebraic Sum of 
the Magnetomotive Force Drops, 
Along the Periphery of Q, is Equal 
to 4x Times the Amperes Flowing 
Through the Spot Perpendicular to 
Plane of the Spot. Currents Out¬ 
side the Spot Do Not Alter this 
Relationship. 


(a) 

9Bx dBy 

= 0 

(1) 


dy 



(6) 

dBy dBx 

47r . 

(2) 

dx 

dy 

10 



where Bx and are the flux densities in the x and y directions, respectively, and iz 
is the current density at the spot (jc, y) perpendicular to the x-y plane, and 47r/10 
converts the current into m.m.f. units. Of course, in regions where there is no 
current, iz in (2) is equated to zero. 

If we represent by <^ 2 ,the total flux having the axis z and surrounding the current iz, 
then 


Bx = 




(3) 


(4) 
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To carry out such an analysis for each individual problem would 
require a prohibitive amount of labor, but if the problem could be 
solved in a generalized form it might be made to furnish correction 
formulas broadly applicable to all transformers. This was attempted 
many years ago by Dr. Rogowski,^ and a solution was obtained by him 
applicable to symmetrical shell-type and interleaved disc-coil designs. 

When iron is absent, or far enough from coils to make its effect 
negligible, the Rogowski correction factor to our formulas (26) and 


(27) is 


K = \ - 


^-2Trn/\ 

2irh 


(29) 


X 


X being the wave length of the m.m.f. wave (Fig. 19). When the 
effect of the core on reactance is to be taken into account, the correction 
factor depends on whether the design is core or shell type as follows: 
For the core-type disc windings: 

j _ ^-27rft/X “ ^ —4Tr&A 

_ -I _ __1 _ _ 

2xA/X L 2 


(1 - 6 


— 27rXA\ 


(30) 


in which h is the distance between coil and core leg. 
For shell-type designs: 


X = 1 - 


1 


- 27rX A 


2Trhl\ 


1 - 


— 47r6A 


- + - (1 + e- 

LL^ 


2 

-2ir(y-6)A^ 


(1 - e 


- 27rXA 


) X 


Li 

L ^ 


-2irih+2b-i-2b’ 


OA 


(31) 


(pi is called the “vector potential" of the flux density B. 

It will be seen that (3) and (4) are consistent with (1), as their substitution renders 
(1) identically zero. Their substitution into (2) gives 


47r . 

--j-- — tg 

dx^ dy^ 10 


(5) 


41 1 C solution of (5), involving exponential and harmonic series, gives the value of 
(pz, and the integration of the product of with ig throughout the x-y plane gives 
the total flux linkages (and hence the inductance per unit length of the windings in 
I lie direction (s) of the current, that is, for unit length along the mean perimeter of 
I he turns. 

^ Superior numbers refer to the “References" at the end of the chapter. See 
p. 87. 
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hi 


in which L is the mean coil perimeter, Li that part of the perimeter 
which has iron on both sid^s, L 2 the rest of the coil perimeter, and b 
and b' distances from iron to coil on the two sides. 

A glance at the equations and transformations of the original 
Rogowski article ^ reveals at once how formidable is the undertaking 
to calculate the reactance of an arbitrary field by such equations and 
how necessary to make many simplifying assumptions. The Rogow¬ 
ski correction, having been developed with the aid of such approxima¬ 
tions, gives reasonably good results only with those designs which 
conform to the simplifying assumptions made, and fails in others. 
These others'' include the important classes of designs with unequal 
primary and secondary lengths (hi fe), coils interrupted by taps 
(hi and interrupted by breaks of considerable length), high-voltage 
transformers with non-uniform ampere-turn distribution due to 

grading of insulation (especially in 
grounded designs), etc. 

Resolution of the Leakage Field 
into Axial and Transverse Compo- 
nents. The calculation of certain 
types of difficult reactance problems 
is greatly simplified by a method due 
to H. O. Stephens,^ which consists of 
resolving the magnetic field into two 
comporients, one axial and the other 
radial, best explained by a simple 
example. 

^Fig. 22 shows a primary and a 
secondary coil of unequal length, 
They may be conceived of as either a concentric or an interleaved 
design, but, to assist in visualization, let them be assumed concentric 
windings. The coils are shown with either a plus or a minus sign to 
indicate that their ampere-turns are opposed. 

The greater the disparity between hi and fe, the greater is the diffi¬ 
culty of calculating the reactance of such a design accurately by ele¬ 
mentary formulas. 

According to the Stephens scheme, a simplified complete equiva¬ 
lent of this is shown in Fig. 23, comprising two components. 

Component I. Axial or Concentric Component, Fig. 23a 

shows this component, comprising coils 1 and 2. Coil 1 is identical 
with P of Fig. 22. Coil 2 (that is, 2a + 25 + 2c) is one uniform 
continuous coil of the same width (w) as S, but of the same length 
(hi) as F. Coil 2 has the same total ampere-turns and the same 


Fig. 22 .—Concentric Design with 
Primary and Secondary of Un¬ 
equal Length. 
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ampere-turns per inch distribution as coil 1; and, as the two coils 
are of equal length and symmetrical, their leakage reactance can be 
('alculated with far closer approximation than that of Fig. 22 directly. 
^1 he purpose in showing coil 2 (Fig. 23a) in three sections is merely to 
indicate its relationship to the original secondary (which has the 
configuration of coil 2a) and to fictitious windings 2b and 2c. 

Since coil 2 has the same ampere-turns as 1, and, hence, the same 
as P or 5, but is 5i/fe times as long as 5, it follows that the ampere- 
turn density (that is, am¬ 
pere-turns per inch) in coil 
2 are fe/5i fraction of that 
in 5. 

Component II. Trans¬ 
verse or Interleaved Compo¬ 
nent, Xij. This component 
('oinprises coils 3, 4, and 5 
(r'ig. 23b). Their dimen- 
nions are indicated in terms 
of the dimensions of the 
coi I s of Fig. 22. The 
junpere-turns of these coils 
ni(‘ such that, when the 
(3 + 4 + 5) ensemble is 
Hiiperposed on (2a + 25 -f- 
2f ) (‘Hsemble of Fig. 23a, 
coil 3 neutralizes completely the super-turns of 25, coil 5 that of 2c, and 
coils 4 adds to that of 2a and makes it identical with that of the actual 
wrcoiidary S. When this condition exists, then, the complete equiva- 
lcMC(‘ of Fig. 23 to Fig. 22 is established. This condition is realized 
If I lie various ampere-turns are as follows: 



fto.2 


+ 

fio.3 



- 

fio.4 



+ 

Ho. 5 




(a) 


Component II 

it) 


Fig. 23. —Equivalent Representation of Fig, 22 
in Terms of Two Components, a. Concentric 
component with coils of equal length, b. Inter¬ 
leaved component. 


ini)2a = — {NI)ph2/hi 
{ni)2h = — {Nr)j,hz/hi 
{ni)2c = — {Nr)phi/hi 
{ni)z = + {Nr)phz/hi 
{ni)i = — (NI)p{h3 + hi)/hi 
{ni )5 = + {NT) phi/hi 


11 will l)i‘ si'on that the primary and secondary ampere-turns of each 
line of the two comiionent systems add up to zero. 
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The reactance of this equivalent system will be seen to be the 
sum of Xi from Fig. 23cz, from Fig. 23&, and their mutual induction 

Mi-ji : 

= Xi + X„ ± 2Mi_n (33) 

An examination of Fig. 23a and b will show that the leakage field 
of component II is in quadrature with that of component I, and that 
therefore mutual reactance between the two component systems will 
be either zero or one of a second order of magnitude arising from lack 
of perfect symmetry and from curvature of flux lines. Accordingly, 
as an approximation, ikfi-n may be ignored and the above equation 
written as 

Xps “ Xj + Xji (34) 

As Xi is a symmetrical concentric reactance, and Xu a normal 
interleaved reactance, both calculable by appropriate standard for¬ 
mulas, the calculation of Xps is thereby greatly simplified. 

To insure that the two component reactances are calculated on a 
common basis so as to make them summable without special conver¬ 
sion factors, we may resort to the reactive kv-a.” method, and put 
Equation (34) into the form (35): 

{PX)ps = {PX), + (PX),, (35) 

The ampere-turns of the first component are the total (primary or 
secondary) ampere-turns of the transformer; those of the second com¬ 
ponent are determined by the coi^iderations used in Equation (32). 
The {PXys are then calculated by Equations (26) and (27). 

Flux Plotting. Flux plotting is perhaps the least useful of any 
method for the calculation of transformer reactance and therefore will 
not be discussed here. The rare cases in which it may be considered 
include those which involve very wide gaps between primary and 
secondary windings, with iron on the other two sides of the gaps, and 
with coils occupying a negligible portion of the leakage field. 

Method of Images. This applies primarily to the effect of iron on 
reactance, but serves also as a basis for an important generalization 
to groups of coils. 

Fig. 24 illustrates a concentric design in cross section, with low- 
voltage winding 1, high-voltage winding 2, and core 5. Leakage flux 
lines enter the core perpendicular to its surface because any component 
of the field intensity parallel to the core surface and adjacent to it is 
magnetically short-circuited by the core, leaving only the perpendicu¬ 
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lar component. Thus, core surface 6 is an equipotential surface in the 
magnetic field. Plane 6 would be an equipotential surface just the 
same if core 5 were not there and in its place coils 3 and 4 existed as 
images of 1 and 2 as seen from 
a reflecting plane 6 . Hence the 
effect of iron 5 on the reactance 
can be represented by mutual 
action of coils 3 and 4 on coils 
1 and 2 . 

The foregoing is a simple 
statement of the theory of 
images. Its straightforward ap- 
|)lication involves calculation of 
mutual reactance from coils 3 
and 4 on 1 and 2 , which effect 
may be designated by M( 34 )(i 2 ). 

Now, such calculation is very 
laborious, and in practice is also 
lik(‘ly to be inaccurate as ex¬ 
plained previously. These difli- 
(Milties have been greatly reduced 
by the discovery that the desired 
r fleet can be calculated in terms 
of leakage reactances between the coils instead of mutual reactances, 
as follows: 

Writing the equation for the desired effect, ikrc 34 )ci 2 )) fii'st in terms 
of mutual reactances, we have 

^( 34 )C 12 ) = (^31 “ M 22 ) + { — + M 42 ) (36) 

'I'lie algebraic signs follow naturally as the product of the algebraic 
nigiis of the currents of the coils involved in the subscripts of the 
(MYs. As all the coils have the same ampere-turns in this example, 
tto particular weighting factors are necessary for the terms of Equa- 
llon (36). 

Adding and subtracting one-half of Li, L 2 , L 3 , and L 4 to and 
I'mm Equation (36), and simplifying it in accordance with Equa¬ 
tion (33), we obtain 

^( 34 ) (12) = ~ i[(X 31 — X 32 ) + ( —X 4 I + X42)] (37) 

III wliicli the (X)’s are leakage reactances. 

( bmparing Equation (37) with (36), the remarkable fact is observed 
llml iMiLiation (36) still holds true when the magnetizing reactances 



Fig. 24.—Illustrating the Effect of Core 
on the Leakage Field of Coils 1 and 2, by 
the Effect of Their Images (3 and 4) on 
1 and 2 
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are replaced by the corresponding leakage reactances with changed 
algebraic sign and dividecj by 2. 

The basis for this relationship is that the algebraic sum of all the 
ampere-turns is zero; that there is no net mutual reactance, because 
there is no magnetizing current, and all flux is leakage flux. 

This leads to an important generalization discussed under the next 
heading. 

Distinguishing the leakage reactance of 1 and 2 in the presence 
of the core by a prime as X\ 2 j and that in the absence of the core 
without a prime as X 12 , then, the relationship between X \2 and X 12 
in the light of Equation (37) is seen to be 

X'i2 = X12 + ^[(-^31 + X32) + (X41 - X42)] (38) 

If coils 3 and 4 were not images but real coils in series with 1 and 2, 
the resulting total reactance would obviously be 

^total = X12 + ^[(-Xsi + X32) + (^41 - X42)] 

+ X34 + hli-Xi3 + X23) + (Xi4 - X24)] (39a) 

= J^i2 — '^13 Xii X 23 — X 24 X 34 (39ft) 

Jt = 4 3 = 4 

= - i XI Z) (39c) 

j=l 

It will be observed that, in Equation (39c), the sign of an Xjk is 
positive if the currents of coils j and k have the same algebraic sign; 
negative, if opposite. The coefficient, (^), enters on account of the 
fact that the leakage reactance between a given pair of coils, say 
m and w, enters twice into the summation: once as X^n, and again 
as Xfijfi, 

A valuable generalization of Equation (39c) will be given in the 
following section. 

General Summation Formula for a Composite System of Windings, 

If a circuit consists of branches 1, 2, * • • n, with respective reactances 
Xi, X 2 , • • ■ Xn and no mutual effects, the total reactance v-a. of the 
circuit is obviously the simple relationship 

= h^Xl + 72^X2 + • . • 7.2X„ 

from which the effective reactance can be calculated. 

If, however, mutual effects are also present among the various 
branches, additional terms have to be entered in terms of llieir mutual 
reactances (or impedances), and our problem would be how to carry 
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this out in terms of the most conveniently available constants in a 
problem. 

In the solution of the problem of images in the preceding section, it 
was shown that the mutual effect between the coils and their images 
could be expressed simply in terms of their leakage impedances, instead 
of their magnetizing mutual impedances, resulting in great simplifica¬ 
tion. All the coils in that problem had equal ampere-turns, which is 
not the case in all problems. A. N. Garin and K. K. Paluev 
liave given a formula which makes allowance for differences in currents 
and therefore applies to all cases as follows. 

Suppose that a single-phase transformer network contains the 
windings 1, 2, with leakage reactances X^k between pairs of 

windings j and k, preferably expressed in per unit values, that is, 
jicrcentage values divided by 100, based on a common reference 
kv-a. load. 

Let ij, ik be the actual current or ampere-turns, with proper alge¬ 
braic signs, in the respective windings, again expressed in per unit 
values, that is, as fractions (or multiples) of the respective values 
('onx'sponding to the assumed common reference kv-a. load. Then, 
ih(* PX total, consumed by the leakage reactances of the windings, 
TNpressed in per unit figures, that is, expressed as a fraction of the 
iiHsiimed reference kv-a., is given by 

fc=n j=n 

=-i EE ijikXjk (40) 

i:=l j=l 

'File general formula (40) was introduced above for single-phase 
( i I ('nils, but it applies also to polyphase circuits. If the currents of 
IIk' various windings per phase are all parallel, that is, in phase or in 
opposition, the problem is no different from the single-phase applica- 
lioi) indicated above, since each phase of the system can be treated as a 
»iiigli'-f)hase system. If, however, the currents in the primary, 
Nrtoiidary, tertiary, etc., are out of phase from each other, then 
I'iqiialion (40) has to be applied as follows. Pick out all the windings 
wliicli are on the same core leg, that is, consider the group of windings 
ol u liich the induced voltages are parallel (in phase, or in opposition), 
Ifg.irdless of whether or not their load currents are parallel. The 
ve( lor sum of the load ampere-turns of these windings will be zero. 
Hrnulvc' the currents into two mutually perpendicular sets of compo- 
liniis. Galculate the PX fot each set separately by (40), and then 
riild lliem together algebraically. Symbolically, 

=-h - i EEi"ii",Xi, 


(41) 
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in which the primed currents are the horizontal components, so to say; 
and the double-primed cuj'rents, the vertical components. 

In the resolution of the load currents into such components, 



Fig. 25.—Vector Diagram of a 
Y-Zigzag Design 


theoretically any set of mutually 
perpendicular axes will do; but, 
not all such sets are equally con¬ 
venient. The guiding principle in 
such a choice is, first, to make the 
components minimum in number; 
and, second, to choose them so 
that the corresponding leakage reac¬ 
tances will be easily determined. 
An example will illustrate. 


Example. To determine the effective reactance of a Y-zigzag transformer. 
Assume the “zig” and the “zag" of equal length (Fig. 25). This makes a 30° angle 
between the Y currents and the zigzag currents. Windings 1, 2, 3 have parallel 
voltages and must belong to one and the same leg or phase of the magnetic circuit. 
Using coil 1 as the reference phase, the per-unit values of the currents will be, for coil 1 


i'l = +ll 
i"i = 0 j 


(42) 


In coil 2, the turns are 57.7 per cent of that between line and neutral. Its current 
is advanced through 30° and reversed with respect to coil 1, making its projection 
parallel to coil 1 minus 86.6 per cent; and that perpendicular to it, minus 50 per cent. 
Hence, 


= - 0.577 X 0.866 - 0.5 1 

= _ 0.577 X 0.500 = - 0.288J 


(43) 


In coil 3, it is to be observed that the positive direction conventionally chosen for 
iz in three-phase systems is opposite magnetically to that of ii and h and, therefore, 
referred to coil 1 as a reference axis, iz has to be reversed, giving 


t's =- 0.577 X 0.866 =- 0.5 

\ (44) 

rz = -h 0.577 X 0.500 = -h 0.288J 

Applying Equation (41), omitting all terms having zero value, and rearranging, 
/^Xtotal — “ 2 -\- 8-^23) 

i"zX2z) (45fl) 

= 0 . 5 X 12 -h 0.5 Xi3 - 0.167X28 (456) 


As per-unit FX and per-unit IX are the same ratio, (456) is the formula for the 
per-unit reactance of this transformer. 


By the method of this section, then, the reactance of any coil 
shapes or winding assemblies can be calculated if the system can be 
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resolved into component parts (real or virtual) of which the various 
leakage reactances are known. Unfortunately, this cannot always 
be done, and the major application of the formula is to composite 
systems consisting of windings of normal design. 

Tolerances on Transformer Reactance. Commercial practice 
allows a tolerance of ±7.5 per cent on the reactance of simple two 
winding transformers, and ±10 per cent on three-winding trans¬ 
formers and on complicated circuit arrangements or taps. 
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CHAPTER V 

IMPEDANCE CHARACTERISTICS OF MULTICIRCUIT 
TRANSFORMERS 

By a. Boyajian 

Necessity for Multicircuit Transformers, Since the purpose of a 
simple (two-winding) transformer is to interconnect two circuits of 
different voltage rating, it is obvious that a multicircuit transformer 
would naturally be considered "when three or more circuits are to be 
interconnected. Such interconnection could be accomplished by a 
plurality of two-circuit transformers also, but only at a greater expense 
and lower efficiency. Aside from the insulation of circuits of different 
voltages from each other, multicircuit transformers are also utilized 
to introduce certain impedances between circuits for control of load 
division or of short-circuit.currents. 

An obvious occasion for a multicircuit transformer is the case 
where it is desired to feed a distribution system from two transmission 
circuits of different voltages, whether for continuity of service or 
economy of operation. A slightly different, but essentially similar, 
case is that of a generating system feeding two or more outgoing trans¬ 
mission circuits of different voltages. The necessity for handling an 
auxiliary load, such as a synchronous condenser or a local load, at a 
voltage different from that of eitRer the primary or the secondary 
voltage, generally calls for a three-winding transformer. Split-wind- 
ing generators are another group calling for multicircuit transformers, 
with the interesting feature that they require two separate primary 
windings of the same voltage. A similar case is the occasional need 
to subdivide the secondary load into two separate secondary windings 
for the purpose of reducing the short-circuit kv-a. due to faults, through 
manipulation of the transformer reactances without serious derange¬ 
ment of the voltage regulation of the system. Testing transformers 
with potential coils for direct voltmeter connection will be recognized 
as another special class of multicircuit transformers with their own 
peculiar problems. Auto-transformers with tertiary or other insulatecl 
windings are still other examples of multicircuit transformers. Finally, 
load ratio control circuits frequently involve complicated multicircuit 
problems. 
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Since it is the terminal characteristics of a transformer, and not the 
characteristics of some particular coil, which are of ultimate interest, 

I he broader analysis of multicircuit transformers concerns itself with 
(he number of "circuits,'’ and not with the number of windings of the 
(raiisformer, and thereby includes auto-transformers, as well as trans¬ 
formers with separate windings, in one general theory of "multicir- 
(’uil” transformers. Only when the distribution of the currents within 
(he windings is desired, is it necessary to give auto-transformers any 
(lifferent consideration from that given to transformers. 

Problems of Multicircuit Transformers. Multicircuit transform- 
t'l'H i')resent a number of problems which cannot be solved directly by 
Iwo-circuit transformer formulas. These relate to leakage impedance 
phenomena, such as {a) voltage regulation, {h) efficiency, (c) load divi- 
HioM l)etween circuits, (d) parallel operation with other transformers. 
Mild (e) short-circuit characteristics. As each winding is bound to be 
InU'i linked in some fashion with the leakage fields of the other wind¬ 
ings, load currents in the different circuits affect each other’s voltages 
In complicated and unexpected manners. It is found, for instance, 
llinl one of the circuits of a three-circuit transformer may behave as 
If its leakage reactance were condensive and its resistance negative! 
In ;i double-primary single-secondary transformer, with a short across 
I In* He<'ondary, the short-circuit current in one of the primary windings 
inn\' iictually be reversed. A lagging load on the transformer may 
neliially raise the voltage of one or more circuits, etc. It is therefore 
Vnry desirable to have a clear conception of leakage impedance rela- 
( Inn ships of a multicircuit transformer, as otherwise the calculations 
id lli(‘ hji'cgoing characteristics may prove very perplexing and uijnec- 
MMiily i:omplicated. Fortunately, these relationships can be formu- 
Inled in a reasonably simple manner for three-circuit transformers, 
Mini when they are properly understood many of the necessary formulas 
mil be written down by inspection. They also form the foundation 
fni (he calculations of four or more circuit transformers. 

Part I 

THREE-CIRCUIT TRANSFORMERS 

ICiplivuIent Circuit Method. Leakage impedance characteristics 
of ti I III (‘(‘-('ircLiit transformer can be represented simply, rigorously, 
Nlid ( nmplelely by assuming that each circuit has an individual 
iNtdnine iini)edaiice, and that no mutual-impedance effects are pro- 
din ed by (he load currents other than what may automatically result 
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from these individual leakage impedance drops. This conception 
reduces the reactance problems of the three-circuit transformer to the 
same simplicity as those of resistance: that is, just as one thinks of each 
circuit as having an individual resistance, without raising questions as 
to possible mutual resistance, so also each circuit (of a three-circuit 
transformer, and three-circuit transformer only) is conceived of as 
having an individual leakage reactance. Such a conception is best 
visualized, applied, and justified with the aid of an equivalent circuit. 

The equivalent circuit of the three-circuit transformer may be 
represented either as a'star network or as a mesh network. The star 
network, however, is decidedly more convenient, and therefore we 
shall discuss its theory and applications first and in greater detail. 

The Star Equivalent Circuit of a Three-Circuit Transformer. 
Fig. la represents a three-wmding transformer, \h its one wire dia- 

fj \3 

(C) 

Pig. 1.—Three-circuit Transformer, a. Two-wire diagram, b. One-wire diagram. 
c. Equivalent network of leakage impedances. 

gram, and Ic its equivalent network as three circuits interconnected 
through a star network of impedances, with Ri and Xi as the impe¬ 
dances of circuit 1, R 2 and X 2 as those of circuit 2, and R^ and Xz as 
those of circuit 3. If the values*of these impedances are known, all 
the multicircuit problems mentioned above can be solved by elemen¬ 
tary methods with the aid of this simple diagram. The values of these 
impedances, in terms of the conventional two-winding impedances, 
are determined as follows. Expressed in percentage form, as is cus¬ 
tomary because more informative, and based on a common kv-a. basis, 
they are: 

%Ii?l = U%IRi2 + %IRlZ - %IR23) = ^ ^ - %IR23 (1) 
%IR2 = i(%/-Rl2 + %IR23 - %IRi3) = 2 - %IRi3 (2) 

%m = \{%IR23 + 7olRiz - %lRy2) = ^ - %IR\2 ( 3 ) 


l/wwvwJ 

pWj pwu'i 


AiV'IaM 

JVp 
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%7Xl = \{7oIXi2 + %7Xi3 - %IX23) = - %IX23 (4) 

%IX2 = i(%7Xi2 + %IX23 - %/Xi3) = - %7Xi3 (5) 

%7X3 = i(%/X23 + %/Xi3 - %7 Xi2) = Y ^ (6) 

ill which {%IR )\2 and {%IX)i 2 are respectively the total leakage resist- 
iiiu'e and reactance of circuits 1 and 2 operating as a two-winding 
(ransformer, and the other impedances are, similarly, the total leakage 
impedances of the pairs of circuits indicated by their respective sub- 
Hi'iipts. 

I'ormulas (l)-(6) follow simply from the following obvious rela- 
I ion ships which must be satisfied: 

(%7i^)i + {%IR)2 = {%IR)i2 

{%IR)2 + (%IX)3 = (%7i?)23 

(%7i?)i + {%IR)z = (%7i?)i3 
(%7X)i + (%7X)2 = (%7 X)i 2 
(%7X)2+(%7X)3= (%7X)23 
(%7X)i + (%7X)3 = (%7 X)i3 

Solving these equations for %IR\, %IXi, etc.. Equations (l)-(6) 

riillovv. 

Ih'forc substitution into these equations, all percentage impedances 
hiiiHl Ik‘ reduced to the same kv-a. basis. Furthermore, the resist- 
HliieM must be based on the impedance-watts, not on the d-c. resist- 
MIMen ()l ihe windings. 

rile <liagram of Fig. Ic, then, completely represents the leakage 
IllipediiiK'e characteristics of a three-circuit transformer. It is strik- 
Illulv simpie, and wonderfully convenient, inasmuch as, when using it, 
uim need not pay any attention to mutual effects, etc., because the 
(|ii(iilviileiit diagram automatically takes care of all such phenomena. 
If one of the individual reactances or resistances turns out to be a 
ri|igiili\'e (piantity, its algebraic sign should be taken into considera- 
lloii In uny calculation based on the equivalent circuit. The signifi- 
(/HMit' o( such negative impedance links will be discussed at a later 
hitliil- 
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One should not be led to think that the star diagram is a polyphase 
Y diagram, for it is not. /t is a single-phase network, with the three 
circuits, 1, 2 , and 3 , on the same phase. If the transformer or bank 
is polyphase, Fig. 1 represents only one phase of it, and the calcula¬ 
tions are made single-phase, as in any symmetrical poylphase system. 

Direct Determination of the Star Equivalent Circuit by Test. 
Referring to Fig. 2a, let circuit 1 be excited, circuit 2 short-circuited, 
and circuit 3 used as a potential circuit. The equivalent circuit dia¬ 
gram is shown in Fig. 2b. There will be no drop in Z 3 except for the 
negligible voltmeter current, and therefore the voltmeter across cir¬ 
cuit 3 will measure the drop across Z 2 , the impedance drop of the 
short-circuited winding. 

Obviously, then, the impedance of any circuit can be determined 
directly by short-circuiting it, exciting one of the other two circuits, 




Fig. 2.—Determination of Equivalent Circuit by Test. a. Test connections, 
h. Equivalent circuit of test connections. 


and then measuring the voltage afross the third circuit. It is entirely 
immaterial which one of those other two circuits is excited or used as 
a potential circuit: in each case the voltage across the idle circuit is the 
impedance drop of the short-circuited circuit. 

It is to be understood that all measurements must be expressed 
either as percentages on a common kv-a. basis, or, if volts, amperes^ 
and ohms are desired, they should be reduced to the basis of one of 
the circuits. 

By using a wattmeter as well as a voltmeter, the resistance and 
reactance components of the impedance of the short-circuited circuit 
can also be determined. The current coil of the wattmeter will bo 
connected in series with either the excited winding or the short-cir¬ 
cuited winding. In the first case, a slight error will be introduced duo 
to the exciting current in the exciting winding; in the latter case the 
impedance of the current coil of the wattmeter (and also the impe¬ 
dance of the current transformer if one is used) will add to the impe- 


REGULATION OF A THREE-CIRCUIT TRANSFORMER 


93 


(lance of the short-circuited circuit. These errors are generally neg¬ 
ligible, but may be corrected for by well-known methods if desired. 

Voltage Regulation of a Three-Circuit Transformer, Since regu¬ 
lation is a scalar quantity, not a vector quantity, the regulation caused 
by the two impedances in series may be combined arithmetically 
(or rather algebraically). Accordingly, if the regulation of each 
branch of Fig. \c is calculated separately, then the regulation between 
pairs of circuits (terminals) may be calculated as the arithmetic sum 
or difference of the component parts, as follows: 


(% Reg.)i 2 = (% Reg.)i + (% Reg.) 2 ; (7) 

(% Reg.)i3 = (% Reg.)i + (% RegOa; (8) 

(% Reg.)23 = (% Reg .)2 - (% Reg.)3 (9) 

if referred to the secondary voltage, 

l.iit (% Reg .)32 = (% Reg.)3 - (% Reg .)2 (10) 


If leferred to the tertiary voltage. 

The algebraic signs in the foregoing are not symmetrical but are 
more convenient, being based on the assumption that the secondary 
Mini tertiary regulations are reckoned from the line terminals to the 
neiilral, while the primary regulation is reckoned from the neutral to 
lli(‘ line terminal. Stated a little differently, the regulations of two 
bi aiK'lies are added (algebraically) if power is flowing from one to the 
ullirr, subtracted otherwise. 

(liven the load in each branch, the regulations of the individual 
iMiUK'hes of the three-circuit transformer are calculated by the fol¬ 
lowing formula: 


% Reg. = kp %IR + kq %IX + 


{kp %IX - kg %IRy 
200 


( 11 ) 


wlirr<‘ %IR and %IX are the individual resistance and reactance of 

the branch or circuit under consideration, and 
may be positive or negative. 


k 

P 

</ 


Actual kv-a. 

--;-for the branch 

Base kv-a. 

power factor of the load connected to the branch; 
p is always positive. 


( 12 a) 

{12b) 


reactive factor of the load connected to the branch; 
q is positive for a lagging load and negative for a 
leading load. ( 12 ^^) 
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Usually the load is given for two of the branches, such as the sec¬ 
ondary and the tertiary, an^ the load in the primary must be calcu¬ 
lated from these. 

The values of kp and kq for the primary are determined by the 


following expressions: 

{kp)i = {kp)2 + ikp)^ (13) 

ikq)i = (kq )2 + (kq)3 (14) 

(k-va.)i = V {kp)i^ + (kq)i^ X Base kv-a. (15) 

Segregated values of kj pj and q will be 

ki = V(kp)i^ + {kqy (16) 

pi = {kp)i/ki (17) 

21 = {kq)i/ki (18) 


Note: These equations give the primary load as the vector sum of the outputs of 
the secondary and tertiary windings. This, of course, is true, but if great refinement 
in calculation is desired, it will be obvious that the primary output is more than the 
vector sum of the secondary and tertiary outputs by the amount of kv-a. consumed 
in the impedances of the secondary and tertiary circuits, and these must also be 
included, in which case formulas (13) and (14) become 

(kph = (kp), + {kp)^ + (19) 

ikq). = {kqh + ikq), + ^ ^ (20) 

The total resultant kv-a. load in the prima|;y may be calculated by the same formula 
(15) as before, but using the more accurate values of {kp)i and (^ 2 ) 1 . 

All the foregoing equations apply equally well to auto-transformers 
as to transformers, provided that the various impedances are the 
effective values at the line terminals. 

Example. Given a three-phase bank of auto-transformers, each rated 60 cycles- 
5000 kv-a.-114000Y-13860. The measured percentage impedances, based on 5000 
kv-a. output per phase, are: 

%IRn = 0.55: %IRu = 0.60: %IR 2 z = 0.50 

%IXn = 8.65: %IX,, = 10.6: %/Xas = 8.3 

The impedances of the equivalent network, as determined from these with the 
aid of the equations given previously, are: 

%IRi = 0.325: %7i?2 = 0.225: %IR3 = 0.275 

%IXi = 5.475: %IX2 = 3.175: %IX, = 5.125 
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(It will be found helpful to make a diagram like Fig. 1 and mark these and follow¬ 
ing data on it.) 

The regulations will be calculated for the following distribution of load: 

Circuit 2 delivering 5000 kv-a. per phase at 80 per cent power factor, lagging. 
Circuit 3 delivering 2900 kv-a, per phase at 0 per cent power factor, leading. 


5000 

Evidently, k 2 =- = 1: 

^ 5000 

2900 

ki = - = 0.58 

5000 


p2 =+ 0.80 

^ 3=0 

22 “ d" 0.60 

28 = — 1.0 


% Reg. 2 = 1 X 0.80 X 0.225 -f 1 X 0.60 X 3.175 


+ 


(1 X 0.80 X 3.175 - 1 X 0.60 X 0.225)^ 
200 


= -h 2.11 


% Reg. 3 = 0.58 X 0 X 0.275 - 0.58 X 1 X 5.125 

(0.58 X 0 X 5.125 -h 0.58 X 1 X 0.275) = 

200 " “ 

For the primary branch, 

{kp)i = 0.80 -h 0 = 0.80 by the approximate formula 
= 0.803 by the exact formula 

(^ 2)1 = 1 X 0.60 -h 0.58 X ( — 1) = 0.02 by the approximate formula 

= 0.069 by the exact formula 

% Reg.i = 0.803 X 0.325 + 0.069 X 5.475 

(0.803 X 5.475 - 0.069 X 0.325) = 

-1-^ = + 0.73 

200 

The regulations between pairs of circuits will be: 

% Reg.i2 = % Reg.i -h % Reg.2 = 0.73 -h 2.11 = + 2.84 

% Reg .13 = % Reg.i + % Reg.3 = 0.73 - 2.97 = - 2.24 

% Reg .23 = % Reg.2 - % Reg.3 = 2.11 - (-2.97) = -h 5.08 


Positive regulation means that the voltage tends to drop under load; negative 
regulation, that it tends to rise. 

In the foregoing discussion, we have assumed one primary circuit 
and two load circuits. If there are two primary circuits and only one 
load circuit, the general method of calculation of the regulations is the 
same as before, the division of load between the two primary circuits 
being an added problem for special consideration. 
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If the diviaon of load is externally controlled, as is ordinarily the 
case, then the load (the values of Up and kq) in each circuit is known, 
and the two primary circuits are treated like the secondary and ter- 
tiary in the preceding example. 

If no external control is exercised on the division of load, so that 
this takes place in accordance with the imped^ces of the various 
branches, the calculation of regulation is simplified by the^ implied 
conditions that (a) the two primary impressed voltages are identical 
as though they were connected to the same bus; (£>) there is only one 
regulation, viz., between primary and secondary buses; and (c) the 
transformer introduces a certain equivalent effective impedance be¬ 
tween primary and secondary buses. This equivalent effective impe¬ 
dance is also the impedance effective at short circuit, and its value la 
discussed below under '‘Short-Circuit Impedance." 

Efficiency of the Three-Circuit Transformer. The new problem 
arising in connection with the determination of the efficiency of a 
three-circuit transformer is the calculation of the impedance lossea 
for tlie assumed manner of loading of the three 
circuits. If the effective resistances of the various 
circuits were their d-c. resistances, this calculation 
would have been simple enough, involving nothing 
more than adding up Ri, R 2 and Ra- 
However, generally, transformers have eddy-cur¬ 
rent losses in the donductors and stray impedance 
losses in the clamping structure and tank. These 
losses are not determined generally directly for 
each winding like the d-c, resistance loss, but 
per pair of circuits acting like a two-winding 
transformer. These extra losses are, therefoi e, 
functions of the manner of loading of the 
circuits. 

The equivalent circuit, discussed above, how'ever, makes it possi¬ 
ble to assign an effective resistance value to each circuit, in accordance 
with formulas (i)-(3), and then, the total impedance watts may be 
calculated by adding up Run.> and using the 

constants and loads of the individual branches of the equivalent circuit. 

If one of the resistances is negative, its PR will subtract from the 
I 2 R of the other branches in calculating the total PR. 

Division of Load. When two circuits of similar function may be 
considered virtually in parallel, with no external control, the vectorlnl 
division of load betw^een them is inversely as the vector impedance# 
of the respective brandies. Thus, let the two circuits of similar 



FiG. 3,—Equivalent 
Circuit when Two 
Primaries {2 and 3) 
are Connected to 
Sources of Rela¬ 
tively Negligible 
Impedance, 
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function be designated 2 and 3 (Fig. 3), regardless of whether they 
lire two primaries or two secondaries. It may be evident that 


kv-a .2 


%IZ3 

%IZ23 


X kv-a.i 


kv-a .3 


%IZ2 

%IZ23 


X kv-a.i 


( 21 ) 

( 22 ) 


Effective Short-Circuit Impedances. Initial short-circuit currents 
ate not influenced by control apparatus, and, therefore, if there are 
Ivvo I trimary circuits 2 and 3 they may be considered as virtually in 
paijillel (Fig. 3), in which case, then, the effective impedance of the 
(iiiii.sformer will be 


%IZe„. = %IZl -h 


%IZ2 X %IZ3 
%IZ23 


(23) 


Wlirn tlie ratio of resistance to reactance is approximately the same 
III 111! branches, or when the percentage resistances are very small com- 

I HI KM I with the percentage reactances, the foregoing formula may be 

I I HIM I algebraically with sufficient accuracy. 

'This formula also applies to two load circuits (2 and 3) short- 
rliciiiUMl simultaneously. 

Willi one primary and two load circuits, if one of the load circuits 
Im hIuii'I- circuited, the other (unshorted load circuit) may be consid- 
i?km| ;is another primary during initial short circuit if considerable 
niipiicily in rotating apparatus is connected to it, as in the case of 
Mill M V' Uirtiary windings feeding synchronous condensers. In such 
iiiwbiiKM.s, liowever, the impedance of the connected apparatus (such 
HH I lull of the synchronous condenser) should be included in the impe- 
iliiiM of llie corresponding branch of the equivalent network. Gen- 
t^iiiloi impedances, if appreciable compared with those of the trans- 
|ni Mu'i, should also be included in the impedances of the corresponding 
Imimm lies. 

rii(‘ (olal short circuit kv-a. is evidently 


Total kv-a.ac 


100 X Base kv-a. 
%IZea 


( 24 ) 


Total kv-a.fic 100 
m 


Base kv-a. 


%IZ„„. 
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The division of this short-circuit kv-a. between the two circuits 
(2 and 3) of similar function and virtually in parallel is 

f 


(kv-a.sc)2 __ IQQ X %lZs 
Base kv-a. %IZ 23 X 


(25) 


(kv-a.8c)3 _ 100 X %IZ2 

Base kv-a. %IZ 23 X 


(26) 


Parallel Operation of Three-Circuit Transformer with a Two-Cir¬ 
cuit Transformer. Two- and three-winding transformers may be 
operated in parallel but with certain limitations in that a change in 
the ratio of the tertiary load to the secondary load may alter the de¬ 
sired distribution of the load. In fact, it is occasionally found that 
the various demands on the circuit may be so conflicting as to make 

successful parallel operation under all 
conditions physically impossible. The 
principles and considerations involved in 
this problem may be seen with the aid of 
Fig. 4, showing primary bus C-Mj second¬ 
ary bus B-Nj and tertiary terminal A, 
The connected loads are marked 2 and 3, 
The division of the load supplied to 3 
depends upon the impedances of the path 
Zc in parallel with the path (Zmn + ^h)t 
and the division of the load supplied to 
2 depends upon the impedances of the 
path ^(Zc + Zb) in parallel with Zmn- In 
each case, the currents divide in the parallel paths inversely as the 
impedances of the paths. 

On this basis, (kv-a .)3 is supplied in such a way that the proportion 
of the current flowing through Zmn and Zc is 

MN^s share of (kv-a .)3 = (- - ^ ) (kv-a .)3 (27) 

\Zc + Zfc + ^MN/ 

(Zc)’s share of (kv-a .)3 = - ^ ^ — X (kv-a.)3 (28) 

Lc "T -r ^MN 


Gef}. 


Ilf 

-1 




h 

X 

I No. 3 Load 


'*1 


il 


B , 1 N 
I No. 2 Load 


Fig. 4. —Network of Three- 
circuit Transformer in Parallel 
with Two-circuit Transformer. 


Similarly, load 2 divides so that the portion supplied through Zi 
and Zc-in series is 

Zmn 


(Zc)’s share of (kv-a .)2 




Zb + Zc + z 


MN/ 


(kv-a .)2 (29) 
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ill id that supplied through MN is 

MN’s share of (kv-a .)2 = —) (kv-a .)2 (30) 

\/«6 “T Zc + LmN/ 

In windings MN and c, the component currents add together, while 
in h they subtract; hence, there is less load in b when both secondary 
and tertiary are loaded than when only one circuit is loaded. 

In the light of the foregoing, it may be easier to see how it may be 
Impossible to operate two- and three-winding transformers in parallel 
willi a satisfactory division of current under all conditions. The ter- 
liniy load may have any value independent of the secondary load (fed 
by liolh transformers), and as it must flow through the impedance of 
(Ih* primary, it will produce a voltage drop there and disturb the load 
IM 1 1; m ( c between the two units. 

()iily when the individual impe- 
di) 11 vr. of the primary is zero, will the 
li'i liaiy load have no effect on the 
loud division. But in such a case. 

If Ili(‘ direction of power flow 
Inverses, making the normal sec- 
ondjiiy act as primary, the load 
iIInI I ibiition is greatly affected. 

I'A'cii with an individual analysis 
ol (Ml !I operating case, it is some- 
(1 m (‘s i in possible to design for 
pMialU^I operation with ideal load 
dlvihioii when conflicting character- 
ImFh are required. Regulation 
liiiKlil dtunand a lower reactance, 

Mild short-circuit difficulties demand a higher reactance. In each 
of i)arallel operation, furthermore, the power factors of the main 
Mild I('I*Iiary loads must also be considered. All such cases can be 
nobrd with the aid of the equivalent circuit as indicated above and 
iiho in h'ig. 5. 

Loading Curve When Paralleling Conditions Are Not Ideal. In 
nonir (iis(‘s, i)arallel operation of three- and two- winding transformers 
Im «o desirable for various reasons that a slight loss in capacity under 
li'i'il.iiii operating conditions is not important. The curves in Fig. 6 
Il id (rule what can be done. Here, the three-winding transformer is 
IMled 27,000 Y-13,800 Y-3980. 

The 27,600-volt circuit is rated 15,000 kv-a. 

riie other two. 10.000 kv-a. 


i I LAts 



LO/iD ♦v? 

^OOO KVA 
op^.r. lkad 

Fig. 5. —Reverse Flow of Power be¬ 
tween the Primary and Secondary of 
Fig. 4. 
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Parallel Operation of Three-winding 
and Two-winding Transformers. 
























































Tertiary Load 

1_1_1_ 










Output at 13,800 Volts in Thousands ofKV-A 


Fig. 6. —Loading Curve of Fig. 4 for Varying Load Conditions. 


The reactances between the circuits indicated in parentheses are: 

%IX (27,600 to 3980) = 8.9 

%IX (27,600 to 13,800) = 9.3 

%IX (31,800 to 3980) = 8.15 

The two-winding transformer is rated 

27,600 Y-3980 Y and 15,000 kv-a. 

%IX (27,600 to 3980) = 9.88% 

The solid line gives the total load for the 
two units as the tertiary load is varied, assum¬ 
ing loads of equal power factor. The dotted 
line gives the load on the two-winding unit. 

Parallel Operation of Two Three-Circuit 
Transformers. The equivalent network of two 
three-circuit transformers in parallel is shown 
in Fig. 7. The distribution of load in such 
a network is as follows: 

Given the two loads, fs nnd it (preferably in kv-a. or in per unit 
values, that is, the actual loads expressed as fractions or multiples of 



Circuit Transformers in 
Parallel on all Three 
Circuits. 
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the kv-a. used as a common base for the reactances), then the total 
input, i 4 , will be their vector sum; 

14 = 15 + ie 

The distribution of u, is, and ie in the network will be 

. uZoCl + ^1) + + ie^cki 

(Zi + Zo)(l + ^1) + Z2 + Zb 

Z 2 + Zb 

ia = i4 — il 

, i^Za + isZbCl + fe) ” i6Zc^2 
(Zl + Za)(l + ^1) + Z2 + Zb 

, Zl+Za 
^ Z3 + Zc 

is = il — i2 
ic = ie — is 
ib = is “ i2 

When substituting kv-a. values for the Ht ib, and above, first 
substitute the kw. values to determine the distribution of the active 
power, and then repeat the calculation by substituting the reactive 
kv-a. values for h, h, and ie to determine the distribution of the reac¬ 
tive kv-a. The total load in any branch is, of course 

in^a^branch ~ ^(kw. of branch)^ + (Reactive kv-a. of branch)^ (37) 

If H and is have the same power factor, there is no need for the 
separate calculation of the distribution of the kw. and the reactive 
kv-a.; the actual kv-a. values of is and ie may be substituted in the 
formulas directly. 

Effective Impedance of Windings in Series. The conception of 
assigning an individual leakage reactance to each one of a system of 
three windings makes it possible to calculate the effective reactance 
of a set of any number of series-connected windings without having 
to reckon explicitly with any mutual effects, as follows. 


in which 


in which 


(31) 

(32) 

(33) 

(34a) 

(34&) 

(35) 

(36) 
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Given three windings Aj B, and C (Fig. 8) with individual percent¬ 
age leakage impedances Zj., and Zc- If ^ and C are connected 
in series, forming a single^circuit D, then 

ZaD — 'ZiA "f~ 2(7 (38) 

in which 



N denoting number of turns. 

The physical significance' of these conversion factors may be 
brought out by the consideration that, in the series connection, the 
base-kv-a. current in B is only Nb/{Nb + Nc) times, and its PX 

only Nb'^RNb + NcY times, that corre¬ 
sponding to the condition in which B Is 
£) the entire secondary. Similar comment! 
apply to C. 

If the transformer had a fourth winding 
Fig. 8.—Two Circuits E (not shown in the figure) to be connected 

m Senes. series with B and C, the foregoing pro¬ 

cedure could be continued by treating 
and E as constituting a three-winding system, assigning to each an 
individual leakage impedance and then combining them as in Equa¬ 
tion (38) with appropriate conversion factors and Thus, any 

number of windings can be handed successively. With more than 
three windings, however, this method is not as convenient as soma 
others discussed in the chapter on the leakage impedance of a two- 
'winding transformer consisting of a plurality of coil groups. 

Physical Interpretations of the Star Equivalent Circuit. ReacU 
ances of the Star Equivalent Diagram as the Individual Reactances of 
Each Circuit, This is the point of view developed in the foregoing, 
and as it parallels beautifully the concept of individual resistances in 
each circuit, it is a most helpful interpretation of the equivalent dia¬ 
gram for practical applications. This point of view, however, ii 
neither absolute nor exclusive; another equally valid interpretation 
may also be made. 

Reactances of the Equivalent Star Diagram as Common or Mutual 
Load Reactances. In Fig. Ic, power flowing from circuit 1 to either 
2 or 3 produces a drop in and Xu and affects the voltages of cir- 
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(Mlits 2 and 3 equally, regardless of which circuit is loaded. That is, 
/\^ and Xi constitute the common or mutual impedance of circuits 2 
and 3 for load currents. Stated a little differently, Ri and Xi constitute 
I he mutual leakage impedance of circuits 2 and 3. Similarly, R 2 and 
.Vu constitute the common or mutual leakage impedance of circuits 
I and 3; and, Rs and X 3 those of circuits 1 and 2. 

Some may find it easier to think of Zi as the mutual leakage impe¬ 
de nee of circuits (1-2) and (1-3), treating (1-2) as one composite cir- 
(Miil and (1-3) as another; similarly, Z 2 , as the mutual or common 
leakage impedance of circuits (2-1) and (2-3), etc. 

These interpretations of the equivalent network may help in under- 
ht anding how it adequately takes into account both the self and mutual 
iiiipixlance drops of the three circuits for load currents. 

'I'he significance and adequacy of the equivalent network may be 
ni'iW better appreciated by considering how it anticipates and takes 
Into account unexpected secondary leakage impedance phenomena by 
oiilwardly strange means. Thus, occasionally, the smallest reactance 
link, or the smallest resistance link of the equivalent network, or both, 
I urn oLit negative. How these originate, or what they signify, may 
1 1(1 explained as follows. 

Meaning of Negative Leakage Reactance. The total leakage react- 
innee between a pair of windings cannot be negative, but there is no 
lejiHoii wliy the mutual effect between circuits for load currents may 
nol bi; negative, depending on how the leakage field of one interlinks 
I In* liinis of the other. 

I ( lias been pointed out already that the individual leakage imped- 
nm(‘ assigned to a circuit constitutes mutual load impedance for the 
(illicr I wo circuits, and as such it may be either positive or negative. 
1*1 (hilive and negative in these phenomena are perhaps best defined 
by I lie ('ITect on the circuit voltages, as illustrated in Fig. 9. Fig. 9a 
ttliows (wo primary coils Pi and P 2 in series, and a secondary coil S 
loiided. Main flux </)m, and leakage fluxes 4 >i, <^> 2 , </> 3 , are also shown. 
I'HI 11 ah c'i native positions are indicated as Ti, 72, Ta, and J '4 for a 
h’lliaiy winding. We wish to consider the influence of the leakage 
iH'ld ol PS on T in each one of those four positions, 

1 lie voltage of the secondary S is obviously diminished by the 
(iinoiinl of the leakage flux, by S not linking the leakage flux. If the 
leiliitry is located in position Ti, it will link some of the leakage flux 
bill not all, its voltage will be diminished but not as much as 
llhil i»l lln‘ secondary for an inductive load in the secondary, and the 
t^i|ni\ aleiil network will be like Fig. 9^^, T tapping the reactance P to 5 
woini-vvlMMe near the middle, and making Xj, somewhat greater than 
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Xs and of the same algebraic sign. If in position 72» the tertiary will 
miss linking only a small part of the leakage flux, will lose very little 
voltage on account of an inductive load in the secondary, and the 
equivalent diagram will be like Fig. 9c^ making Xp very small com¬ 
pared with Xg. In position 7^3, the flux linkages of the tertiary will 
be substantially the same as those of the primary, and a load in the 
secondary will not affect the tertiary voltage materially through any 
reactive drop. The corresponding equivalent diagram will be like 
Fig. 9d, as if the primary had no leakage reactance. Finally, if the 



Fig. 9. —Effect of Coil Arrangement and Flux Distribution on Individual Leakage 

Impedances. 


tertiary is placed in position T 4 , the leakage flux linkages of the tertiary 
for a load in S will be even greater than that of the primary, because 
the linkages of the primary with some of the leakage flux (flux <t>s) is 
partial, while that of T is complete, and therefore if the primary volt¬ 
age is maintained, an inductive load in 5 will raise the percentage 
value of the tertiary voltage exactly as if some condensive reactance 
were connected in series with the primary within the transformer. 
The corresponding equivalent network is shown in Fig. 9e, with a 
negative reactance in the primary branch. 

Meaning of Negative Resistance. Negative resistance ordinarily 
appears only in auto-transformers with separate tertiary windings. 


MEANING OF NEGATIVE RESISTANCE 


105 


although it may also appear in those high-efficiency transformers in 
which the stray impedance losses may become appreciable in com¬ 
parison with the low ohmic copper losses. 

Referring to Fig. 10a, we have a three-circuit auto-transformer with 
series winding, s; common winding, c; and tertiary, t. Let the series 
and common winding impedance losses, as a two-winding transformer, 


(a) (&) 

Fig. 10. —Interpretation of Negative Resistance Branch in an Auto-transformer. 



T 


-Tj — Cft^H Mo. 2 

> f Tertiaru 

> i 



be 1 per cent each; the tertiary Rt per cent, a symbolic value to show 
that it does not give rise to negative resistance effect. Let the series 
winding turns be 10 per cent of the common winding turns. Desig¬ 
nating the primary or full auto-transformer circuit as sub 1, the com¬ 
mon winding terminal circuit as sub 2, and tertiary as sub 3, the 
percentage resistance of pairs of circuits will be 


%IRi2 = 2 X (10/110)2 0.01653 

%/i?23 = (1 + Ri) 

r / io\2 /ioo\2i 

%IRs3 + 1 [-) + 1 (--J J 


(41a) 

(41&) 

= (0.835 + Ri) (41c) 


The individual circuit resistances, by formulas (l)-(3), will be 

%IRi = - 0.0743; %/7?2 = 0.0904; %IRs = 0.909 + Rt 

We note a negative resistance, —0.0743 per cent, in the primary or 
circuit 1 (see also equivalent network Fig. lOZ?). If the tertiary be 
loaded with base kv-a. at unity power factor, the secondary voltage 
will rise by 0.0743 per cent owing to the negative resistance effect in the 
primary. 

To check the foregoing result by a method of which the physics 
will be more obvious, we observe that the (series and common) wind¬ 
ing may be considered as a potentiometer, of which the inductance 
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I will give one ratio, £2/^1 = 100/110 = 90.9 per cent; while its 

resistance will give another^ratio, E 2 IE 1 = 100/101 = 99 per cent, 
j That is, secondary voltage by resistance is (99-90.9)/90.9, or 8.9 per 

cent higher than by the magnetizing reactances. The resistance ratio 
jj would apply under tertiary short circuit if the current were limited 

jr exclusively by the series plus common resistance which is 0.835 per 

cent and which would permit 120 times normal current. That is, we 
would get an 8.9 per cent secondary voltage rise by the resistance 
I jl drops under 120 times current, or 8.9/120 = 0.0743 per cent voltage 

hi rise due to resistance drop at normal current. 

|| We conclude that, if the resistance distribution is such as to give a 

l*t higher voltage than the magnetizing reactances, a voltage boost due to 

I i I resistance will be observed under^load, and this will appear as a virtual 

|i- negative resistance in one branch of the equivalent network. 

I' The reader may wish to analyze the more startling effect of second- 

||: ary short circuit on tertiary voltage, assuming again that the leakage 

j '1 reactances are negligible compared with the resistances. It may be 

! found much quicker to solve the problem first by the equivalent net- 

I ‘ work method (Fig. 10^) and then to recheck it by the more physical 

l| method illustrated above. * 

I > The reader may also find it interesting to verify that with a 2 : 1 

F auto-transformer ratio, and series and common windings duplicates, 

[ ] the resistance drops of the series and common windings will balance 

1 11 out in the secondary output voltage, and the equivalent high-voltage 

[il; circuit will appear to have zero resistance. 

j ! General Comments on Negative Impedances. Apparently no 

I j i practical use can be made of the negative resistances or reactances of 

I ! three-circuit transformers as negative impedances by themselves, first, 

because the negative impedance links cannot be isolated; second, be¬ 
ll | cause they are always the smallest and negligible member of their 

|lIj! group; and third, because the negative reactance is not capacitive,* 

j |'i‘ the negative resistance is not self-exciting. 


* That is, we cannot write for the negative reactance branch the condenser 
equation 


! 

;! 


(42a) 

■ but rather we must write 

■j 

1 

II 

(42&) 


i 


as for any inductive circuit but with negative sign. 


THE MESH EQUIVALENT NETWORK 


107 


These negative impedances can be considered as mathematical fic¬ 
tions if one so desires: they are virtual values, somewhat like the vir¬ 
tual images of optics. They reproduce faithfully the terminal charac¬ 
teristics of the circuits of the transformer, but they cannot necessarily 
be applied or assigned directly to any internal coils. For instance, if 
the equivalent high-voltage circuit is found to have zero resistance, it 
does not mean that the high-voltage winding has zero resistance and 
does not develop any copper losses and heat; or, if the high-voltage 
circuit has negative resistance, that its 
winding must generate energy. The total 
copper losses (including stray impedance 
losses) are correctly represented by the 
equivalent circuit, whatever the signs of its 
branches may be; but the simple equiv¬ 
alent circuit says nothing about the dis¬ 
tribution of the losses within the trans¬ 
former windings. Some of these losses actu¬ 
ally are not in the windings at all, but in 
the clamps, core plates, and tank, and 
therefore the conductor heating cannot be 
based on the losses of the equivalent cir¬ 
cuit. The total impedance losses causing 
the heating of the oil, however, are given 
by the equivalent circuit. 

The Mesh Equivalent Network (Fig. 

11). As is well known, the terminal char¬ 
acteristics of any star network can be 
duplicated by a mesh network; and, there¬ 
fore , the impedance characteristics of a 
three-circuit transformer are capable of 
representation by a delta network as well 
as by a Y. 

The constants of the delta network can 
be derived from those of the Y network 
by the equations given under he diagram of Fig. 11 for easier 
visualization. Note that the letter Y has been used for the delta 
constants because they are here expressed as admittances. One 
reason for this choice is that, in the type of problems in which the 
delta network applies best, admittance is a more convenient con¬ 
stant. Another, and minor, reason is less chance of confusion between 
a delta equivalent impedance Z^n and the original transformer leakage 
impedance Z mn* 


CiftuH Ko, J 



Fig, 11.—Mesh Equivalent 
Network of a Three-circuit 
Transformer Superposed on 
Its Y Equivalent. 

Let S = {Z1Z2 "h Z2ZZ 

+ ^3Zi); 

Then Yu = S/Zz, 

F23 = 5 /Zi, 

F31 = S/Z2 

Numerical substitutions 
may be either in ohms (re¬ 
duced to the same circuit), 
or in “per unit” values, 
that is, percentage values 
divided by 100. 
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A delta admittance link, say 712, is not the reciprocal of the trans¬ 
former leakage reactance Z 12 . 

The equivalent delta net\fork is less desirable than the Y network 
for calculating-board use, because the impedance of the Y branches 
can be easily combined with those of the rest of the system in series 
with them and thereby simplify the board set-up. This is particularly 
valuable if a negative link exists in the Y network as it can be simply 
subtracted from the system impedance in series with it, whereby the 



Fig. 12.—Determination of Mesh Equivalent Network by Test. 


necessity of having to set up a negative link is avoided ; while, with the 
delta, a negative link cannot be eliminated so simply. 

The major use of mesh equivalent network is in the short-circuit 
calculations of transformers with more than three circuits, to be dis¬ 
cussed in the second part of this chapter. 

The Mesh Network by Test. Referring to Fig. 12, a and bj let 
two of the circuits, say 2 and 3, be short-circuited simultaneously with 
excitation on circuit 1. By inspection of these figures, the relation¬ 
ships of the network currents, voltages, and admittances will be seen 
to Be 

1 12 = E1Y12 hence Y12 = I12/E1 (43) 

113 = E1Y13 hence Y13 = I13/E1 (44) 

I 23 = 0 hence Y 23 is undetermined 


Similarly, if circuit 2 is excited and the others short-circuited. 


I 12 = E 2 Y 12 

hence 

Yi 2 = I 12 /E 2 

(45) 

I 23 = E 2 Y 23 

hence 

Y 23 = I 23 /E 2 

(46) 

1—1 

II 

0 

hence 

Yi 3 is undetermined 

(47) 


POLYPHASE THREE-CIRCUIT TRANSFORMERS 


109 


If circuit 3 is excited, the other two being short-circuited, 


Il 3 = E3Y13 

hence 

Yi3 

= I13/E3 

(48) 

I23 = E3Y23 

hence 

Y23 

= I23/E3 

(49) 

H -1 

II 

0 

hence 

Yi2 

is undetermined 

(50) 


Obviously, two test connections are sufficient for the determination 
of all three constants of the equivalent mesh. 

To be able to determine the circuit constants vectorially, watt¬ 
meter readings would also have to be taken, the potential coil being 
connected to the excitation circuit, and the current coil to each one of 
the short-circuited coils in turn. 

Polyphase Three-Circuit Transformers with Interconnected 
Phases. The entire theory of three-circuit transformers has been 
developed in the foregoing as a single-phase problem. In any poly¬ 
phase system in which each 
phase may be considered in¬ 
dependently, as is commonly 
the case, single-phase three- 
circuit theory and methods 
apply. However, in poly¬ 
phase systems in which wind¬ 
ings on different core legs 
may be cross-connected dif¬ 
ferently in the different phases 
of the system, manipulation 
by three-circuit methods re¬ 
quires that the calculations 
be built up considering each 
component part of each 
circuit. The method might be more easily understood by an 
example. 

Fig. 13 shows a transformer with a delta primary and two zigzag 
secondaries oppositely zigzagged. Assume that similarly marked wind¬ 
ings, like the two (a 2 ys, or the two {c^Ys, are interwound with negligi¬ 
ble reactance between them. By symmetry, then, the impedance from 
the polyphase primary to either polyphase secondary will be vectorially 
identical, and one might expect that the performance of the trans¬ 
former bank could be rigidly represented by assigning to each one of 


F 



Fig. 13. —Polyphase Three-circuit Trans¬ 
former with Interconnected Phases. 
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the three polyphase systems, P, M, N, an individual leakage reactance, 
to be calculated by our fundamental formulas (4)-(6), giving 

Xp = Xp]^ Xmn) ( 5 f) 

Xm = ^{XpM + Xmn ~ Xpn) (52) 

Xi^ = \{Xp]^ + Xmn ~ Xpm) (53) 


That this is not necessarily true may be seen as follows. We can 
apply three-circuit equations to the set of windings on one magnetic 
phase, such as ai, ^ 2 , and as, because they are single-phase, have bal¬ 
anced ampere-turns, and satisfy all the requirements of a three-wind¬ 
ing single-phase transformer. In fact, the bank may actually consist 
of three three-circuit single-phase transformers: one unit with the set 
of windings ai, a 2 , as; the other hi, hz ; and the third, ci, C 2 , If no 
two currents in any pair of windings on any one of these transformers 
are in phase, it merely is equivalent to having loads of different power 
factor on the two secondaries of a three-circuit transformer. We there¬ 
fore feel justified in applying three-circuit conceptions to each single¬ 
phase transformer. Accordingly, we shall have individual three- 
circuit reactances Xai, Aa 2 , XaZ on one transformer; X^, Xj, 2 , Xm on 
the second; and Xd, Xm on the third. Since the three trans¬ 
formers would be duplicates, Xai, Xbi, and Xd would be identical, and 
similarly the other sets. The calculation of the performance of the 
polyphase bank can now be built up as follows. 

The vectorial voltage drop, Aeio, from terminal 1 to the neutral 
under load, will be given on a per unit basis by the following vectorial 
equation, in which ka 2 is the numerical ratio of the normal voltage of 
coil a2 to the line-to-neutral voltage of the phase into which it is con¬ 
nected, that is, to the voltage from terminal 1 to neutral; and similar 
comments apply to the other (fe)’s. A symbol like Z(ai)(a 2 ) means the 
leakage impedance between coil (al) and coil (a2). The currents as 
well as the impedances are to be expressed in per unit values. Then, 


Aei-O = Il(2[al)(a2)^a2^+ 
+ I 2 CO) 

l5Zal^a3^a2 
-|- leZ&ifes^ 


(54) 
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e-40 = IlZal^a2^ 

+ l2^clkc3^ 

I3^al^a3^a2 /'CC\ 

+ l4{Z(ai)(a2)^a2^ + ^(cl) (c3) } 

IsZfll Ala3^a2 

+ l6(0) 

By suitable choice of the three individual impedances, Z^i, Za 2 , and 
Za 3 , Equations (54) and (55) could be made dissimilar, not only in 
magnitude but particularly in phase angle, one being relatively an 
advance in phase, the other a retardation, for identical loads across 
M and N. 

If, for identical loads across the two secondaries M and N, Aei_o 
and Ae 4 _o are numerically the same and of the same angular displace¬ 
ment with reference to the normal voltages of their respective phases, 
then, P, M, and N could be assigned individual three-circuit impe¬ 
dances, but not otherwise. In a symmetrical case like the present one, 
the criterion is to be looked for in the mutual effects alone. Thus, if 
a load across M exerts the same vector voltage regulation in N with 
respect to the normal voltages of A as a load across N does in M with 
respect to the normal voltages of M, the required condition is satisfied. 

Let 6 be the angle by which phase (1 — 0) follows phase (4 — 0) 
normally. Then the condition that individual leakage impedances 
can be assigned to P, M, and N is determined by picking out the 
mutual-effect terms in (54) and (55) and equating them with proper 
allowance for the angle 6 , 

{ — Js^alka3ka2 + l4Zal^a2^ “ l5Zal^a3^a2 + le^blhs^) ^ 0 

= (IlZal^a2^ H“ l2Zcl^c3^ ~ I3^al^a3^a2 ~ I5^alka3ka2) (56) 

The conclusions from the foregoing are that: (a) three-circuit 
methods can always be applied to any circuits or parts of a polyphase 
system which have parallel voltages, that is, to windings which are on 
the same core leg or magnetic phase; (b) they can be applied to poly¬ 
phase systems themselves as a whole only when either there is no cross 
connection between phases, or they are duplicated in two circuits, or 
a criterion of the type of (56) is satisfied.* 

* Further discussion of this subject may be found in “ Progress in Three-circuit 
Theory,” Trans. A.I.E.E. 1933. 
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Part II 

i 

TRANSFORMERS WITH FOUR OR MORE CIRCUITS 


Equivalent Network. The general equivalent network of a four- 
circuit transformer is shown in Fig. 14, and of a six-circuit transformer 
in Fig. 15, from which the nature of the w-circuit transformer is seen 
to be an n-terminal symmetrically arranged mesh network with an 
impedance element connecting each pair of terminals. 

It was seen in Part I that all three-circuit transformers could be 
represented by either a star or a mesh network; but transformers with 
more than three independent circuits cannot in general be represented 
by a pure star network. They require either a straight mesh network 



Fig. 14. —Equivalent 
Mesh Network of Four- 
circuit Transformer. 



Flft. 15.—Equivalent Mesh 
Network of Six-circuit Trans¬ 
former. 


or a modification of it with six independent impedance links. The 
reason for this may be understood as follows. 

It is a physical and mathematical necessity that a completely equiv¬ 
alent system have as many independent elements (degrees of freedom) 
as the original system. A three-circuit transformer has three inde¬ 
pendent leakage impedances among its circuits; and, since a three- 
terminal network in either star or mesh connection has three indepen¬ 
dent links, either connection is adequate as an equivalent system. 
The four-circuit transformer, however, has six independent impe¬ 
dances among its circuits, not four, corresponding to the combinations 
of six things taken two at a time, with the formula n(n — l)/2. 
Since the four-terminal star network has only four independent ele¬ 
ments, it is inadequate as an equivalent circuit; but the four-terminal 
mesh network, having six independent links, satisfies the requirement 
completely, as will be seen in Fig. 14. Since an w-terminal mesh net- 
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work has n{n — l)/2 independent elements, it constitutes a perfect 
representation of the impedance characteristics of the n-circuit trans¬ 
former. 

It may be desirable to trace the derivation of Fig. 14 from a four- 
circuit transformer step by step. Fig. 16a shows four magnetically 
coupled independent windings. Their return conductors can be 
joined together as shown in Fig. 16&, without modifying the impedance 
characteristics of the transformer in any way. But the common 
return conductor of all the windings of a transformer has zero load 
current in it if the windings are all on a one-to-one ratio basis, because. 


J 2 3 4 



f-Rettifff Conductors 
ifidepoodeni Leads ^ 
four i^indings 

ia) 


J 2 3 4 



r-Common Feturn Conductors 
four Windings teith 
Common Fotarn 
itf} 


12 3 4 



Return Omitted- 
Four Windings 

(c) 


rVWWV\AAAAA/VS 


wwvywwCW 

a/WVSa/mWWAAAAMAt 

Four Circuits 

Interconnecting Impedances 
id) 


Fig. 16.—Derivation of Mesh Equivalent Network of Four-circuit Transformer. 


ignoring the magnetizing current (in which we are not interested now), 
the ampere-turns of all the windings must add up to zero. The return 
conductor may therefore be left out of the diagram, as in Fig. 16c. 
This figure shows four windings (not impedances) having self and 
mutual impedances or as many admittances (not shown in the dia¬ 
gram). If, instead of showing windings, we show impedances inter¬ 
connecting the four terminals, Fig. 16d results, which redrawn sym¬ 
metrically becomes Fig. 14. The fact that this network has as many 
independent circuit and impedance elements as the transformer quali¬ 
fies it as a complete equivalent. There are other possible arrange¬ 
ments with as many independent impedance elements, as will be dis¬ 
cussed below, but Fig. 14 is the most symmetrical one, easiest to inter- 
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pret and most suitable for generalization for higher number of 
circuits. # 

In Figs. 14 and 16c, there is no special return wire or terminal, but 
since the currents in the four terminals add up to zero, any one of the 
terminals may be considered as return circuit to all the others. That 
is, there are only three independent circuits in these figures, say (1-4), 
(2-4), and (3-4), treating terminal 4 as the return circuit. This is 
true of course about Fig. 16a also, in which the currents in only three 
of the windings are independently variable, the fourth one having to 
be equal (and opposite) to the vector sum of the other three. We 
shall make important use of this fact. 

Determination of the Mesh Network Elements by Test. Suppose 
winding 1 of a four-winding transformer is excited, and windings 2, 3, 
and 4 are short-circuited, as shown in Fig. 17a. The corresponding 
condition of the equivalent network is shown in Fig. \1h. On account 
of the short-circuiting of termi¬ 
nals 2, 3, and 4 to each other, 
there will be no current in the 
links 723 » 734 , and 724 of the 
equivalent network, and the 
current in 712 will be the same 
as in line (winding) 2, the cur- 




Fig. 17,—Determination of Mesh Equivalent Network Elements of a Four-circuit 

Transformer by Test. 


rent in 713 the same as in line (winding) 3, and the current in yi 4 the 
same as in line (winding) 4. The current in each winding (and hence 
the current in each one of the three links 712 , 7 i 3 , and 714 ) and the volt¬ 
age producing it being known, the impedance or admittance of each 
link follows by Ohm’s Law, 

Representing currents and voltages directed to the network as 
positive, those away from it as negative, it will be seen in Fig. that 
under the proposed test 


ii = ei(yi2 + yi3 + 714 ) = ciyn 
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defining yn as (712 + yi3 + 714) ■ 

i2 = - eiyi2 
is = “ ei 7 i 3 
i4 = — ei7i4 


(57) 


Note that the equivalent network does not show an undivided link 
as 711 , but the latter is a convenient symbol for the sum of all the 
admittance links radiating from terminal 1. Similarly, 722 would rep¬ 
resent the sum of all the admittance links radiating from terminal 2 as 

722 = 7 i 2 + 724 + 723 (58) 

Similarly for 733 and 744- 

It may be well to point out in this connection that a link, say 724 , 
being understood as an admittance connecting terminals 2 and 4, might 
have been just as appropriately designated as 742- Hence, jjk and Yhj 
mean the same thing in our diagram and may be used interchangeably 
whenever the symmetry of an equation would make one or the other 
form more desirable. 

Solving the set of equations (57) for the admittances, 


yii =+ ii/ei 

712 = - i2/ei 

713 = - i3/ei 

714 = — u/ei 
yyfc ~ Ij/GA: ~ 


(59) 


By making three tests, similar to that shown in Fig. 14, but exciting 
a different winding in each case and short-circuiting all the others, the 
six links of the equivalent network of a four-circuit transformer are 
determined. By {n — 1) such tests, the n{n — l)/2 links of the 
w-circuit transformer are determined. 

The foregoing equations are based on either one-to-one ratio basis 
or percentage basis. If percentage values are used, the equations 
become multiplied by 100 as in 

%yy. =- 100(%iy/%e,) =- 100(%i,/%ey) (60) 


The negative signs in the formulas merely mean that the secondary 
current produced by a voltage in a two-winding system is opposite to 
tlie primary current produced by that voltage; and^ if the voltage be 


I 
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assumed the reference axis, a primary current will be marked positive 
and the corresponding secondary current negative. 

In these multicircuit transformer tests, attention to the algebraic 
signs of the observed secondary currents is important, because some 
of the secondary' currents may actually be reversed, indicating that 
some of the links of the network may have opposite algebraic signs 
from the rest, like negative reactance, or even negative resistance. 

These equations are vectorial, and, theoretically, a power-factor 
meter or its equivalent would be necessary to rnake certain of the 
exact phase angle of the various currents and links. However, in 
practice, the resistance components can be determined by wattmeter, 
and the reactive components by such choice of signs for the currents 
as will make (61) balance arithpretically with reasonable approxima- 

ii = — (± is i is i 14) ( 61 ) 

If negative links are found, they are certain to have a much higher 
impedance (or much lower admittance) than the others. As the cur¬ 
rent in the excited winding cannot be negative (leading) in a short- 
circuited transformer, the following conditions will always hold and 
can be used as a partial check on the reasonableness of the values 
found for the various links: 


yii = (yi 2 + yi3 

722 = (yi2 + 723 

733 = (yi3 + 723 

744 = (714 + 724 


+ 714 ) = positive 
+ 724 ) = positive 

+ 734 ) = positive 

* 

+ 734 ) = positive 


(62) 


If the equivalent network is to be set up on a calculating board, 
one of two things can be done to avoid having to set up a negative 
impedance. First, if the negative link is of sufficiently high impe¬ 
dance (or low admittance) compared with the others, it can be left out 
(open-circuited). Second, an alternative equivalent network shown 
in Fig. 18 can be used. 

Physical Significance of the Links of the Equivalent Network. 

The method of testing indicated above reveals also the physical signi¬ 
ficance of the links of the equivalent network. Expressed as admit¬ 
tances, they are revealed to be transfer admittances (load or leakage 
transfer admittances, to be more precise) of the circuits indicated by 
their subscripts. This may be verified as follows: 

Meaning of ''Transfer Admittance/' This is a concept inverse to 
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mutual impedance and may be best explained in contrast to it. Mu¬ 
tual impedance between two circuits is defined and measured as the 
voltage across one circuit produced by a unit current in the other cir¬ 
cuit, there being no current in any other circuit. On the other hand, 
transfer admittance between two circuits is defined as the current pro¬ 
duced in one circuit by unit voltage across the second circuit, there 
being no voltage across any other circuit. 

As the only certain way to insure that there shall be no current in 
a circuit is to have it open, and the only way to make certain that there 
shall be no voltage across it is to have it short-circuited, therefore, in a 
multicircuit system# when measuring the mutiml impedance between 
two circuits, all circuits must be open except the one with unit current 
in it; in measuring the transfer admittance between two circuits, all cir¬ 
cuits must be shorted except the one with unit voltage across it. 

Under the last-mentioned condition, voltage 6* in circuit k produces 
a current i; in circuit ^ through their transfer admittance y/s, by the 
formula: 


or 


i, = e^y,* 
Vih = i,7et 


(63) 


Application to the Equivalent Network. The test condition outlined 
above as defining transfer admittances is identical with that of Fig. 176, 
arranged for determining the links of the equivalent network, and 
Equations (63) are identical with those given for the links of the 
equivalent network (Equation 59) except for the algebraic signs. 
Thus, we conclude that the links of the equivalent mesh network rep¬ 
resent the transfer admittances of the system, but with reversed alge¬ 
braic signs. 

There is no particular significance to the negative signs in the 
foregoing; it is linked up with the assumptions of positive direction for 
currents and voltages and the algebraic signs to be attached to self- or 
“driving-point” admittances. As ordinarily agreed upon, a positive 
voltage across a primary winding with positive mutual impedance to 
a secondary winding, produces positive current in the primary, nega¬ 
tive in the secondary. We then have to say that positive mutual im¬ 
pedance when expressed as an admittance becomes a negative transfer 
admittance, although positive self-impedance expressed as an admit¬ 
tance is a positive self-admittance (or more precisely, positive driving- 
point admittance). Now a link in a network is self-impedance (or 
driving-point admittance) for certain points, mutual impedance or 
transfer admittance for others. Accordingly, if the link is a positive 
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impedance or admittance by itself, it will be found to represent physi¬ 
cally a positive driving-point ^admittance and a negative transfer admit¬ 
tance. In other words, a network consisting of positive self-impe¬ 
dances or admittances functions as a network of negative transfer 
admittances. 

In the discussion of three-circuit transformers, the links of the star 
network were found to be the load or leakage mutual impedances of the 
windings, and now we find that the links of the mesh network are the 
load transfer admittances of the windings (with reversed sign). The 
statement about mesh networks holds true no matter what the num¬ 
ber of the windings; but the statement about the star network is lim¬ 
ited to where a star network is applicable, and that means the three- 
circuit transformer only. 

Determination of Mesh Network Elements from Leakage Impe¬ 
dances. Considering Fig. 14, the overall network impedance between 
terminals 1 and 2 has to be equal to Z 12 , the well-known leakage impe¬ 
dance between circuits 1 and 2. Similarly, the overall network impe¬ 
dance between 1 and 3, has to be equal to Z 13 , etc. So we have the 
means of setting up six equations to determine the six unknowns of 
the equivalent network. 

Another and preferable method for the calculation of these network 
elements is through the application of three-circuit theory as follows: 

Referring to Fig. \6c^ let the fourth circuit be considered the com¬ 
mon return to all the others, and let all Voltages be reckoned from that 
of this circuit. That is, instead of dealing with the absolute values of 
the voltages, ei, 02 , 63 , 64 , as we ordinarily do, let us deal with the vec¬ 
tor voltage differences (vector regulations) ( 01 - 04)1 ( 02 - 04 ), and ( 03 - 04 )- 
This reduces the independent voltages to three, and also enables us to 
apply three-circuit theory to the w-circuit transformer, the equations 
being arranged and indexed symmetrically as follows: 


(01-^4) = il^4(ll) + i2Z4(i2) + 13^4(13) 
( 02 - 04 ) = il^4(21) + i2Z4(22) + 13^4(23) 
(03-04) = il^4(31) + i2Z4(32) + i3Z4(33) 


(64) 


in which is the individual three-circuit impedance of circuit 4 
with respect to circuits^' and k. \ij and k are the same, then we have 
the straight leakage reactance between circuit 4 and circuity’ or k. 
Thus, Z 4 (ii) is the same thing as Z 41 . 

This is a set of simultaneous equations involving three unknowns, 
ii, i 2 , and 13 , and can be solved for them, the solution taking the form 
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11 = ( 01 - 04 ) Yu + ( 02 - 04 ) Y 21 + ( 03 -^ 4 ) Y 31 

12 = (01— 04 )Yi 2 + (02-04) Y22 + (©3— 04 )Y 32 
is = (01-04) Yi3 + (02^4) Y23 + (03-64) Y33 


(65) 


All the Y^s above are driving-point and transfer admittances, and 
are capitalized to distinguish the algebraic signs of the transfer admit¬ 
tances from those of the links of the equivalent network (Fig. 14 or 
17^), as they are opposite. The driving-point admittances, however, 
have the same algebraic signs as the corresponding quantities in the 
equivalent network; that is, Yu is identical with yn, Y 22 with 722 , etc. 

If the set of equations (65) is to be solved symbolically to derive 
formulas for the Y*s, this can be done by determinants, as follows. 

Tabulating the system of impedances given in (64), we have 


X* 

1 

2 

3 


j ^ 





1 

Z4ai) 

Z4(12) 

^4(13) 


II 

^4(21) 

Z4(22) 

CO 

(66) 

3 

Z4(31) 

^4(32) 

^4(33) 


Tabulating the system of admittances desired in 

(65), we 

have 

> 

, 1 

2 

3 


J 

1 

Yn 

Yi2 

Yi3 


Y,-;, = 2 

Y 21 

Y 22 

Y 23 

(67o) 

3 

Y 31 

Y 32 

Y 33 



Now, the system of admittances Yy^, as a system, is the inverse of 
the system of impedances, Z 4 (jfc), as a system, although the correspond¬ 
ing individual members of the two systems are not reciprocals of each 
other as individuals. The numerical values of the individual admit¬ 
tances in (67a) are the cofactors of the corresponding impedances in 
(66) divided by the determinant of (66). That is, 



X > 2 

j - 


Cofactor 

Cofactor 

Cofactor 

of Z4(ii) 

of Z 4 a 2 ) 

of Z 4 a 3 ) 

Cofactor 

Cofactor 

Cofactor 

of Z 4 ( 21 ) 

of Z4(22) 

of Z4(23) 

Cofactor 

Cofactor 

Cofactor 

of Z4C31) 

of Z4(32) 

of Z4C33) 


(67&) 
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m which D is the determinant of (66), and it must be borne in mind 
that every term in (67&) is to^be divided by D. Although calculation 
of determinants and cofactors will be found in any algebra, the final 
formulas for the various Y's are given below for the convenience of the 
reader. Thus, 

D = Z4 Cli)Z4 (22)^4(33) H" Z4(i2)Z4(23)Z4(3i) + Z4C13)Z4(21)Z4(32) 

— Z4(11)Z4(23)Z4c32) “ Z4(12)Z4(21)Z4(33) — Z4(13)Z4(22)Z4(31) (68) 

Yii = [Z4(22)Z4(33)-Z4C23>^]/D 

Y 22 = [Z4£11)Z4C33)-Z4(13)^]/D 

Y33 = [Z4CU)Z4(22)-Z4a2)^]/I^ 

(69) 

Yi 2 or Y21 = [Z4(13)Z4(23)“Z4(12)Z4(33)]/I^ 

Yi 3 or Y31 = [Z4(12)Z4(23)“Z4(13)Z4(22)]/D 
Y23 or Y32 = [Z4(13)Z4(12)-Z4(23)^4(11)]/D . 


As stated before, the y’s.of the equivalent network are the nega¬ 
tives of the capital Y’s defined above, having the same subscripts. 
No capital Y's are given above corresponding to yi 4 » y24, and y34, but 
these can be obtained as follows: 


Y]4 = yn — yi 2 - yi3 
= Yii + Yi2 + Yi3 
Y 24 = y22 “ — y23 

= Y 22 + Y 21 + Y 23 
Y 34 = yas — ysi — y32 
= Y33 + Ysi + Y32 


Short-circuit calculation with the use of these various equations 
and quantities is best carried out by a systematized schedule illus¬ 
trated by an example as follows: 

Short-Circuit Calculation, (a) Number the circuits of the transformer as 
1 , 2 , 3 , 4 , and tabulate the corresponding reactances, preferably as fractions (that is, 
per unit) on a common Icv-a. basis. As resistances are generally negligible compared 
with the reactances, calculations can be made algebraically, instead of vectorially. 

Example. Given a four-circuit transformer with reactance data, on a common 
kv-a. basis, as follows: 
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114.5 

kv. 

- 69.0 

kv. 

3.95 

% 

IX 

114.5 

kv. 

- 34.5 

kv. 

13.30 

% 

IX 

114.5 

kv. 

- 4.6 

kv. 

23.0 

% 

IX 

69.0 

kv. 

- 34.5 

kv. 

10.6 

% 

IX 

69.0 

kv. 

- 4.6 

kv. 

19.0 

% 

IX 

34.5 

kv. 

- 4.6 

kv. 

8.7 

% 

IX 


Let 114.5 kv. circuit be circuit 1 

69.0 “ “ “ “ 2 

34,5 “ “ “ “ 3 

4.6 “ “ “ “ 4 

Then, 


Xn 

= 0.0395 

= X 21 

Xn 

= 0.1330 

= 

Xu 

= 0.230 

= Xu 

X2Z 

= 0.106 

= Xs2 


= 0.190 

= Xu 

X 34 

= 0.087 

= Xu 


(71) 


(72) 


(b) Calculate and tabulate the three-circuit reactance of circuit 4 with respect to 
each pair of the remaining circuits. 



-^4(11) 

= X 41 

= 0.23 




-^4(22) 

= ^^^42 

= 0.190 




-^4(33) 

= X 43 

= 0.087 



or 

^4(12) 

-^4(21) 

= (.Xil 

+ X 42 - 

■ Xn)/2 

= 0.190 

or 

-^4(13) 

-^4(31) 

= (Xii 

+ -^43 - 

- Xu)/2 

= 0.092 

or 

-^4(23) 

■^4(32) 

= {Xi, 

+ X 43 - 

■ X2,)/2 

= 0.085 


2 3 




3 


1 

= 2 
3 


0.230 0.190 0.092 
0.190 0.190 0.085 
0.092 0.085 0.087 


(73) 


(74) 


(c) Calculate, D, the determinant of (74), by formula ( 68 ). 

D = (0.230 X 0.190 X 0.087) -h (0.190 X 0.085 X 0.092) -h (0.092 X 0.190 X 0.085) 
- (0.230 X 0.085 X 0.085) - (0.190 X 0.190 X 0.087) - (0.092 X 0.190 X 0.092) 
= 0.00036 (75) 

{d) Calculate the cofactors of (74) and divide each by D. The result is Fyjk. 



1 

Yiic = 2 

3 


3 


+5.95 

-4.59 

-0.34 


-4.59 

+ 6.10 

-0.49 


0.34 
-0.49 
+ 1.84 


(76) 
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(e) Calculate Yu, T 24 , and Yu by Equations (70) 

Yu = 5.^5 - 4.59 - 0.34 = 1.02 
Y2i =+ 6.10 - 4.59 - 0.49 = 1.02 
Ysi = 1.84 - 0.34 - 0.49 = 1.01 


(77) 


(f) Calculate (e^-ed, and algebraically for the short-circuit condi¬ 

tions expected. If the short circuit is on line 2, with the other voltages maintained, 


61- 64 = 0 

62 - ^4 = — 1 

63- 64 = 0 


(78) 


(g) Finally, calculate the current i'n the different windings by Equations (65). 
^ 0 + (-1)(-4,S9) + 0 = 4.59 per unit, or, times normal' 

,'2 = 0 + (-1)( + 6.10) +0 =-6.10 .. ^ 

= 0 + (- 1) (-0r49)+ 0 = 0.49 “ . 

U=- (ii +H + U) = 1-02 ... " . 



Fig. 18.—Alternative 
Equivalent Network of 
a Four-circuit Trans¬ 
former, Especially Use¬ 
ful for Calculating 
Board Use. 


Alternative Equivalent Network for Cal¬ 
culating Boards. F. M. Starr* has given the 
equivalent network shown in Fig. 18 as a 
means of avoiding having to set up nega¬ 
tive impedance links on the calculating board. 
The links of this network can be so chosen 
as to bring the negative sign into the radial 
links. As,* generally, some positive impe¬ 
dance in the system is in series with each 
radial link, they can be combined, resulting 
in a net positive impedance. 

The links are determined as follows: 


Z12 + Zl 4 

— Z24 

ef 

(80a) 

2 


2 (e + f) 

+ Z23 

— Zl 3 

ef 

(806) 

2 


2 (e + f) 


♦General Electric Review, March, 1933, p. 150. 
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^23 ^34 “ Z24 6f 

^ “ 2 2 (e + f) 

^ _ ^34 + Zi4 — Z 13 ef 

2 2 ( 7 + 1 ) 

in which 

e = VKiKs + Ki 

f = VK 1 K 2 + K 2 

= (Z 13 + Z 24 — Z 12 — Z 34 ) 

K2 = (Zi 3 + Z24 — Zi 4 — Z23) 

To make the internal links (e and f) positive, it is necessary that 


(Zi 3 + Z24) > (Z12 + Z34) 

(85a) 

> (Zi 4 + Z23) 

(856) 


If the windings are arbitrarily numbered and the above inequalities 
are set up, it will be apparent at once which group in parentheses is 
the maximum. The numbering of the windings can then be changed 
to agree with the foregoing requirement. 

Regulation of Multicircuit Transformers. Simplifying Assump¬ 
tions. In the discussion of the regulation of three-circuit transformers, 
it was pointed out that the phases of the terminal voltages of the 
secondary and tertiary windings are likely to shift relatively to each 
other, and that this changes the effective power factor of the load of 
one circuit with respect to the terminal voltage of the other circuit, 
and thereby changes the relative phase of the load mutual impedance 
drop. It was also pointed out that this ordinarily does not require 
consideration, but, if desired, could be allowed for by certain additional 
terms. In transformers with greater number of circuits, this feature 
is of no greater importance, but of increasingly greater complexity. 
Hence, we shall ignore this refinement in the following formulation. 

Application of Three-Circuit Methods. Given four circuits, 
1, . . . , 4, required to calculate the numerical (not vectorial) voltage 
regulations—the voltage differences 


(80c) 

(80^i) 

(81) 

(82) 

(83) 

(84) 


Aei4, 

AC24, 

AC34 

(86) 

Aei2, 

AC23, 

ACi3 

(87) 


and 
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Of these sLx items, only three (any three) are independent. Since 
voltage regulation is a scalar^ the set (87) follows from (86) as 


Aei2 = Ae24 ~ Aei4 

Ae23 = A 634 — Ae24 

Aeiz = Ae34 — Aei^ 


( 88 ) 


and the basic formulas we need are for the set (86) only. It will be 
observed that we are treating circuit 4 as the reference circuit. 

Consider Aeu as an example. We may tabulate the in-phase and 
quadrature drops which cause it as follows: 


Caused by 

In phase Drop be¬ 

Quadrature Drop be¬ 

tween 1 and 4 

tween 1 and 4 


Ac' 

Ac" 

Load across 1. 


fei^iXi4- (89) 



fe2gil^i4‘ 

Load across 2. 


jfe2/>2X4C12)- (90) 


^2222^4(12). 

^252-^4(12). 

Load across 3. 


^3/>aX4(i3)— (91) 


^ 333 X 4 ( 13 ). 

^3g3R4C13). 


Total 


Above, k is load factor (i.e., per unit load, or times base load); p, load 
power factor; g, load reactive factor; X 14 , leakage reactance between 
1 and 4; ^ 4 ( 12 ), individual three-circuit reactance of winding 4 with 
respect to 1 and 2; and i? 4 (i 2 ), individual three-circuit resistance of 
winding 4 with respect to 1 and 2, etc. The last item is the resistance 
of winding 4, plus a small item corresponding to its share of stray 
losses with respect to 1 and 2. All impedance values are to be ex¬ 
pressed in terms of an assumed common base kv-a., regardless of the 
capacity of the circuit. 

The voltage regulation between circuits 1 and 4 is, then, 


A 6 i 4 = Total Ae' + 


(Total Ae''Y 
200 


(92) 


The other regulations may be similarly calculated. 

If there are more than four circuits, our tabulation would include 
items like (90) and (91) for the rest of the circuits also. Equation (92) 
applies unchanged. 


CHAPTER VI 


SHORT-CIRCUIT CURRENTS AND VOLTAGES BY THE 
METHOD OF SYMMETRICAL COMPONENTS 

By A. Boyajian 

Part I 

SHORT-CIRCUIT CURRENTS 

Introduction. Calculation of symmetrical three-phase short cir¬ 
cuits is well known. The fault current 1/ is given by 



_ 100 I„ 

" % iz 

where E and Z are the voltage and impedance per phase and % IZ is 
the percentage impedance based on the assumed normal current I^. 
In these impedances, generator and line impedances also must be 
included if the latter are appreciable as compared with the impedances 
of the transformers. 

For single-phase short circuits, whether line-to-line or line-to- 
neutral, the foregoing values of impedances are not directly applicable 
in general, and it is necessary to find the corresponding effective 
impedances so as to satisfy the condition: 

100 I. 

Ifault oy jy 

/O 

The determination of this effective impedance for networks of even 
moderate complexity by ordinary methods is usually laborious and 
sometimes perplexing for two reasons: (a) a set of complicated simul¬ 
taneous equations has to be set up and solved for every new network; 
{b) the apparent reactance of generators is greatly modified by unsym- 
metrical currents, and the apparent reactance of transmission lines 
and transformers is greatly modified by ground currents—^factors 
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which may be perplexing to take into consideration in the setting up 
of simultaneous equations of the problem. For instance, Fig. 16 
shows a system consisting of four branches, A, By C, D. The solution 
of a single-phase line-to-neutral short-circuit current even in this only 
moderately complicated system is a formidable problem if attempted 
by simultaneous equations. Fortunately, however, in recent years 
the so-called method of symmetrical components ^ has been developed 
to such a point that with its aid it has been possible to reduce the solu¬ 
tion of such problems practically to a matter of mere substitution in 
simple general formulas as follows: 

General Formulas. For a line-to-neutral single-phase fault, 

300 In 


or 


% IZi -+ % IZ 2 + % IZo 

^ ®leg 


Zi + Z2 + Zo 


and for a line-to-line single-phase fault, 

173 In 


Ifftiiit 


or 


%IZl + %IZ2 

Eune 


Zl + Z 2 

where Zi is the “ positive phase-sequence ” impedance, Z 2 


the 



Vc 


“ negative phase-sequence ” impedance, and Zo the “ zero phase- 
sequence impedance, per phase (line to neutral). 

Obviously, to obtain the fault current, it is 
necessary only to know the meaning and method 
of calculation of these component impedances. 

We shall therefore first attempt a clear ex¬ 
position of the fundamental concepts involved. 

Meaning of Symmetrical Components. Any 
unsymmetrical set of three-phase vectors, like 
Fig. 1. An Unsym- that in Fig. 1, can be resolved into three sym¬ 
metrical Three-phase metrical sets of components: a symmetrical 
Set of Vectors. positive phasesequence ” set, as in Fig. 2a; a 

symmetrical'* negative phase-sequence” set, as 
in Fig. 2h\ and a symmetrical “zero phase-sequence ” set, as in 
Fig. 2c. This means that the vector (in phase A) has three com¬ 
ponents, 


Va = Vai + Va2 + Vao 
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as reconstructed in Fig. 3; and that the vector V b (in phase B) has 
three components, 

Vb = Vfil + Vb2 + Vbo 

and that the vector V c (in phase C) has three components, 

Vc = Vci + Vc2 + Vco 

The sub 1 components in the three phases, namely, Vai, V^i, Vci 
(Fig. 2a) are seen to constitute a balanced symmetrical three-phase set 
of vectors with positive (i.e., counterclockwise) phase rotatioUy and, 
therefore, these are called the ” positive phase-sequence ” components, 
or just “ positive sequence ” components. 

The sub 2 components of the vectors in the three phases, namely, 
Va 2 , V 52 , and Vc 2 (Fig. 2h) constitute another balanced symmetrical 



(a) (&) {c) 

Fig. 2.—Symmetrical Components of the Asymmetrical Set of Vectors in Fig. 1. 

a. Positive phase-sequence components, h. Negative phase-sequence components. 
c. Zero phase-sequence components. Note that the three component vectors Vaoj 

Vbo and Vco are identical. 

three-phase system of vectors but with a negative phase rotation or 
phase-sequence, and hence they are called the “ negative phase- 
sequence ” components, or just “ negative sequence ” components. 

Finally, considering the sub 0 components, they are seen to be 
identical in all three phases (Fig. 2c), and therefore, balanced and sym¬ 
metrical, though in a very different way from the other components. 
These last components have no phase rotation or phase sequence, and 
hence their designation as ” zero phase-sequence” components, or 
just “ zero-sequence ” components. The unequal and unsymmetrical 
set of three-phase vectors shown in Fig. 1 are thus seen to be resolved 
into three sets of components, each set a symmetrical group within 
itself. 

The performance of the circuit with the unsymmetrical set of 
vectors (Fig. 1) is determined by determining the performance of the 
circuit for the symmetrical component sets of vectors (Figs. 2a, 2by 2c). 
The method of the derivation of these various components will be 
discussed at a later point. 
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Relationship between Line and Coil Vectors. The vectors in 
Fig. 1 (and their various components in Fig. 2) may represent either 
currents or voltages, and tht circuit may be either a delta or a Y 
circuit. 

(a) With the original vectors considered as currents in a delta 
network, the component vectors will also be the component currents 
in the delta branches; and the corresponding 
line current components may be determined by 
their aid by well-known methods. That is, 
corresponding to the positive sequence set 
of currents V^i, V^i, and Vci in the delta 
branches (dotted vectors in Fig. 4a^ taken from 
Fig. 2a), there will be a positive sequence set 
of currents in the lines, as the vector difference 
of the adjacent phases as shown by the drawn 
lines (Fig. 4a). Obviously, the positive se¬ 
quence system of currents in the lines will be 1.73 
times the positive sequence system of currents 
in the delta, and retarded 30°. Similar com¬ 
ments apply to the negative-sequence com¬ 
ponents (Fig. 4&), except that the line currents will be advanced 30° 
ahead of the coil currents. Considering the zero-sequence compo¬ 
nents, it will be seen that the line currents must be zero (Fig. 4c), 



Fig. 3. —Reconstruct¬ 
ing the Original Vectors 
with the Aid of the 
Component Vectors. 




ha-c) 

ic) 


Fig. 4. —Symmetrical Components of Line Currents Corresponding to a Set of Delta 
Currents, a. Positive phase-sequence components of the line currents corresponding 
to the vectors shown in Fig. 2a considered as delta currents, h. Negative phase- 
sequence components of the line, currents corresponding to the delta currents shown 
in Fig. 2h, c. Zero sequence currents in the lines ( =0), The arrows in this diagram 
show only positive direction of currents, and are not vectors. The vector values of 
the zero-sequence coil currents are shown in Fig. 2c. 


because the zero-sequence currents of the adjacent phases are iden¬ 
tical (Fig. 2c), and their vector difference will be zero. The interest¬ 
ing conclusion follows that, in a delta system, there can be no 
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zero-sequence currents in the lines, and that the zero-sequence 
currents in the delta will act as return to each other and will thus be a 
circulating current. 

Q}) With the original vectors considered as currents in a Y net- 
work, the balanced symmetrical three-phase 
currents V^i, V^i, and Vci will be both the 
coil currents and the line currents of positive 
phase sequence, and will act as return to each 
other. Similar comments apply to the bal¬ 
anced symmetrical three-phase currents VA 2 r 
Yb 2 j and Vc 2 of opposite phase rotation (Fig. 

2b). Neither one of these two sets needs any 
neutral return, and may exist in either a 
grounded or an isolated system. Considering 
the zero-sequence components (Fig. 2 c), how¬ 
ever, it will be seen that the three legs cannot 
act as return to each other (Fig. 5), and, if 
these currents are to exist, they have to return 
through the neutral. The interesting conclu¬ 
sion follows that, in a three-phase circuit (or 
three-phase branch) with isolated neutral, there can be no zero- 
sequence component of currents in either the coils or the lines; and 
that, in a grounded circuit, any current in the neutral is equal to 

three times the zero se¬ 
quence current in each leg. 

(c) With the original 
vectors considered as volt¬ 
ages in a delta network, no 
particular comments are 
necessary about the pos¬ 
itive- and negative-se¬ 
quence components, as the 
coil and line voltages are 
the same: but the zero- 
sequence components (if 
any) must be interpreted. 
Now, it is almost axiomatic 
that the vector sum of the 
three-phase voltages of a closed delta network must be zero, regardless 
of whether the circuit is symmetrical or unsymmetrical, as otherwise 
the triangle of the line voltages would not close, as the reader may 
easily make it clear to himself with the aid of a diagram like Fig. 6. 


A 
5 
C 

Fig. 6. —Illustrating the Fact that in a Three- 
phase Circuit the Line-to-Line Voltages Cannot 
Have Any Zero-sequence Components. If the 
A in vector CA is the potential of the same wire 
as the A in vector AB^ the two A 's must coincide, 
and the triangle must be closed. But if the 
triangle is closed, the vector sum is zero, and 
hence the zero-sequence components zero. 




Fig. 5. —Illustrating the 
Flow of Zero Sequence 
Currents in a Y Net¬ 
work. These currents 
are equal and in phase 
and can return only 
through the neutral. The 
neutral current is there 
3 / 0 . 
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But the vector sum of the zero-sequence components (Fig. 2 c) cannot 
be zero if these components are not zero, but must be three times the 
value of each component; #and, therefore, if the vector sum of the 
original vectors is zero, their zero-sequence components must be zero. 
The interesting conclusion follows that there can be no zero-sequence 
components in the line-to-line voltages^ regardless of what the circuit 
connection may be; and that if the corner of a delta is opened, any 
voltage observed across the open corner will be the sum of the zero- 
sequence voltages of the three coils and hence three times the zero- 
sequence voltage of each coil. 

{d) Finally, with the original vectors considered as leg voltages in a 

Y circuit, the positive- and the negative-sequence components again 
require no particular comments, as the line components will be 1.73 
times the leg voltages and 30°-away in accordance with well-known 
three-phase relationships. But the zero-sequence components may 
need some comments. 

Since the original voltages (Fig. 1) as well as their components 
(Fig. 2) are now to be considered as the leg voltages and their com¬ 
ponents, the zero-sequence components (Fig. 2 c) constitute a voltage 
common to all three legs, and hence common to all three line wires 
with reference to the neutral. But adding a given voltage to all three 
legs does not affect the line-to-line voltages in any way; it is equivalent 
merely to shifting the neutral by that vector value while leaving the 
potential differences of the line terminals unchanged. The inter¬ 
esting conclusion follows that, although there can be no zero-sequence 
components in the line-to-line voltages of the three lines in any circuit 
connection, there may be zero-sequence components in the line-to- 
neutral voltages, representing vectorially the neutral shift. 

To sum up, the relationship between the line and leg voltages in 

Y connection, and line and coil currents in delta connection, for the 
positive- or negative-sequence components are the same well-known 
three-phase relationships: but, for zero-sequence components, they 
are different. 

(1) Zero-sequence currents cannot appear in the lines, if the con¬ 
nection is delta, or if the neutral is isolated; but they can circulate in 
the delta, and they can also flow in the lines provided they can return 
through the neutral. 

(2) Zero-sequence voltages cannot exist in the line-to-line voltages, 
regardless of circuit connection; nor in the coil voltages of a closed 
delta bank, which are, of course, the same ag the line-to-line voltages. 
They can, however, exist in the leg voltages, that is, in the Une-to- 
neutral voltages, or in the line-to-ground voltages, representing in 
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the former case the shift of the Y neutral, and in the latter case the 
shift of the system neutral. 

Determination of the Symmetrical Component Sets of an Unsym- 
metrical Set of Vectors. The determination of the symmetrical com¬ 
ponent sets of an unsymmetrical set of vectors is 
based on the isolation of a desired set by operations 
which cancel the other sets, as follows: 

Determination of the Zero-Sequence Set. The 
vector sum (shown in Fig. 7) of the original vectors 
V^, Vj?, and Vc, from Fig. 1, is equal to three times 
the zero-sequence component. 

Vo = KVa + Yb + Vc) 

This is the vector value of the zero-sequence 
component in all three phases, hence the sub letter 
has been omitted from Vq. The truth of the fore¬ 
going may be seen by considering the behavior of each component 
set of vectors to this operation. 

In adding, vectorially, the original vectors of the three phases, the 
component vectors of course get added up. Now, the positive- 
sequence components (Fig. 2a) will add up to zero, being a balanced 
symmetrical three-phase set of vectors. For the same reason, the 
negative sequence components (Fig. 2 b) will add up to zero. The 
three zero-sequence components, however, being equal and in phase 
with each other (Fig. 2c), their vector sum will be like their arithmetic 
sum, equal to three times the value of one of them, and in phase with 
them. Thus, taking the vector sum of the original vectors cancels 
the positive- and negative-sequence components, and triples the zero- 
sequence component. 

Determination of the Positive-Sequence Set. Considering one of the 
phases as the reference phase (say phase ^), if the vector of the lagging 
phase (V^) is advanced through 120°, the vector of the leading phase 
(Vc) retarded through 120°, and the vector sum of the three taken as 
shown in Fig. 8a, the resultant will be three times the positive sequence 
component of the vector in the reference phase (3V^i). Thus, 

Vax = + Vb /+ 120^ + Vc /- 120° ) 

That, in the operation indicated above, the other component sets 
vanish may be seen by noting that this operation converts the negative- 
sequence set of Fig. 2 b into a positive sequence set (Fig. 8&),byadvanc- 



Fig. 7. —Construc¬ 
tion to Determine 
the Zero-sequence 
Components of 
Fig. 1. 

Va-\-Vb+Vc = 3 Vo 
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ing Nb 2 through 120°, and retarding Vc 2 through 120°, and the vector 
resultant will be zero, as for any balanced symmetrical three-phase 
set of vectors. ^ 




(advanced 120°) 
(retarded 120°) 


(h) 


Vbo\±1^ 

Y 


1^0 



Fig. 8. —Determination of Positive Phase Sequence Set and Its Proof, a. Construc¬ 
tion to determine the positive sequence components, h. This diagram is obtained 
from Fig. 26, by retarding Vc 2 through 120°, and advancing Vb 2 through 120°. 
Note that the vectors remain a balanced symmetrical three-phase set (but with 
reversed phase rotation), and their vector sum is zero. c. This diagram is obtained 
from Fig. 2c, by retarding Vqq through 120°, and advancing Vbq through 120°. 
Note that it is a balanced symmetrical three-phase set, with a vector sum equal to zero. 


As for the zero-sequence set (Fig. 2c), they become converted into 
a symmetrical three-phase set (Fig. 8c)’, the vector resultant of which 

will be zero. 

Determination of the Negative-Sequence 
Set, *If the original vector of the leading 
phase is advanced through 120° (instead 
of being retarded, as in the previous 
case), that of the lagging phase retarded 
through 120° (instead of being advanced, 
as in the preceding case), and the three 
vectors combined, the resultant will be 
three times the negative-sequence com¬ 
ponent of the vector in the reference 
phase (Fig. 9). Thus, 



Fig. 9.—Construction to De¬ 
termine the Negative Sequence 
Components (of Fig. 1) shown in 
Fig. 26. Procedure similar to Fig. 
8a except that Vb is retarded in¬ 
stead of being advanced, and Vc 
is advanced instead of being re¬ 
tarded through 120°. 


= i(V^ + /- 120° -1- 


Vc / + 120° ) 


That the other components will cancel out in this operation may be 
verified as before. 
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Sequence of Resolution Immaterial, The various components of a 
given set of vectors may be determined in any order. Furthermore, 


the components which have 
been determined need not 
be subtracted from the orig¬ 
inal vectors when trying 
to determine the other com¬ 
ponents. 

Simplified Procedure. In 
a case known to lack zero- 
sequence components, as for 
instance the line-to-line volt¬ 
ages, or the line currents 
when there is no current in 
the neutral, the positive- or 
negative-sequence compo¬ 
nents can be determined 
most conveniently by add¬ 
ing to the vector of any 
desired reference phase the 
vector of the lagging 
phase advanced through 
60 °, dividing the result¬ 
ant by 1.73, and advancing it 
Thus, 


yR-VA^Vsbo: yBim: 



Fig. 10. —Construction Illustrating the Sim¬ 
plified Method for Determining the Positive- 
sequence Component, Using the Vectors of 
Only Two Phases, when the Zero-sequence 
Components are Known to be Absent. The 
three vectors (Ki, Vb, Vc) were chosen so as 
to form a closed triangle so that their vector 
sum will be zero, and therefore zero-sequence 
components absent. With A as the reference 
phase, B is the lagging phase. Advance Vb 
through 60°; and then add to Kl, obtaining 
Vr. Advance Vr through 30°, and divide 
by 1.73 to obtain Va\. 

through 30°, as illustrated in Fig. 10. 
+ Va / + 60° ) /-f 30° 


assuming as before that Vb lags behind Va; otherwise, the angular 
shifts must be minus or backward. The validity of this resolution 
may be made evident by considering that if, in Fig. 2a, V bx is advanced 
through 60° and added to V^i, the resultant will be 1.73 times V^i, 
and 30° behind V^i. Doing the same with the negative-sequence 
components (Fig. 26), it will be seen that Vb 2 , when advanced through 
60°, will completely cancel Va 2 ^ As the zero-sequence components 
are assumed absent, the positive-sequence component is thus 
isolated. 

This method of resolution will be found particularly useful when 
only the numerical value of the component is desired, when the 30° 
angle may be omitted from the formula. It will be found useful also 
when the resolution is to be accomplished electrically for circuit 
control purposes. 
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The negative-sequence component may be determined as the 
original vector minus its positive sequence component, 

i 

Va2 = - V^I 


when V^i has already been determined (and the zero-sequence com¬ 
ponent is known to be zero). Otherwise, Ya 2 may be determined 
directly, similar to V^i, except that the angular shifts will now be in 
opposite direction. Thus, 

Ya2 = (V^ + Yb /- 60° ) /- 30° 


assuming as before that is behind Va; otherwise, the sign of the 
angles must be reversed. 

Applications. 1. Single Phase Line-to-Neutral Ib^ 0 

Short-CircuiL Referring to Fig. 11, find the compo- 
nents of the fault current I/. The currents in the 
three phases are (Fig. 11^>), 



Fig. 11.- 


(a) 

-Single-phase Line to Neutral Fault and Vector Diagram, 
neutral fault, h. Three line currents. 


^Fault 

(h) 

a. Line to 


Ia = If 
Is = 0 
Ic = 0 

The symmetrical components (in accordance with the discussion 
given above) are 
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The zero-sequence set: 

lo = ■|(Ia + I5 + Ic) 

= i(I/ + 0 + 0) (Fig. 12o) 

= fl/ 

in all three legs. 

The positive-sequence set: 

1ai = KU + Ib /+ 120° + Ic / - 120° ) 

= i(I/ + 0 +0) 

= ii/ 

in leg A (Fig. 12b), The positive-sequence currents of the other legs 
follows by inspection, inasmuch as they must form a balanced sym¬ 
metrical positive sequence set with Iai, and may therefore be drawn 
accordingly without further computation (Fig. 12b), 

The negative-sequence set: 

Ia 2 = KU + I W- 120 ° + Ic /+ 120 ° ) 

= i(I/ + 0 + 0) 

= iif 

in leg +. The negative-sequence currents of the other legs follow at 
once, as shown in Fig. 12c, 


Iao^Bo^Co = 


3 


Zero 

Sequence Set 
(a) 


hi hi 



ib) 


h2 ^B2 



ic) 


Fig. 12. —Component Sets of the Currents Shown in Fig. 11&. 


The interesting conclusion follows that, in a single^phase short 
circuit (or load) from line to neutral, the positive-, the negative-, and 
the zero-sequence components are numerically equal to each other in 
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every leg, and are equal to one-third of the fault (or load) current. 
In the faulty (or loaded) le^ the components are in addition in phase 
with each other. 

The reader may verify that the component currents add up to 
zero in legs B and C. 

Some may feel a strong reluctance to assuming component currents 
to flow in phases which, to all appearances, have nothing whatsoever 
to do with the single-phase short circuit. However, it may be helpful 
to consider the fault as an unsymmetrical Y-connected three-phase 
load with neutral grounded, one leg of the load having zero impedance, 
and the other two legs having infinite impedances. With such a three- 
phase load, there should be no objection to the existence of com¬ 
ponent currents in all three phases. 

2. Line to Line Single-Phase Short Circuit. As there can be no 
zero-sequence components in this case, because there is no current in 
the neutral (Fig. 13), the alternative method of resolution given above 
may be used for illustration. 



(a) (&) 

Fig. 13. —Single-phase Line-to-line Fault and Vector Diagram, 


The positive-sequence set (Fig. 14a) 

I^r = / -f 60° ) / + 30° 

-I^(I< /-W° ) / + 30° 
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Having I^i, the others, I^i and Ici, follow by symmetry to form a 
positive-sequence set (Fig. 14a). 



Fig. 14.—Symmetrical Components of the Line Currents in Fig. 13. a. Positive 
sequence components, b. Negative Sequence components. 


The fact that there is no current in leg C implies that the positive- 
and the negative-sequence components neutralize each other there; 
that is, 

Ic2 = — Id 


inis gives us lc 2 to construct rig. 




A 52 clllU 


'•A'Z iL/iiuw uy 


metry to form a negative-sequence set. 

The interesting conclusion follows that, in a line-to-line fault (or 
load), the positive- and the negative-sequence line currents are equal 
to each other and to 57.7 per cent of the fault (or load) current. In 
the line not involved in the fault (or load), they are, in addition, in 
opposition to each other. 

The reader may observe that the component currents determined 
in the foregoing are those in the lines, not those within the fault (or 
load). The two sets of components 
certainly are not identical, because, 
though the circuit analyzed is a Y circuit, 
the fault (or load) is one branch of a delta- 
connected load (as implied by the dotted 
lines in Fig. 15), one’branch of which 
delta-connected load has zero impedance, 
the other two, infinite impedances and 
zero currents. Note that only one branch 
of the Y has no current, whereas two 
branches of the delta have no current. The reader may find it very 
instructive to determine the components within the fault, especially 
with reference to the presence or absence of zero-sequence components, 
and relative magnitudes and phases in comparison with those in the 
lines. A check on the work may be obtained by the relations which 
must exist between the line and the coil values in the delta network. 






Fig. 15.—Single-phase Line- 
to-line Fault Considered as an 
Asymmetrical Three-phase 
Load. 
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Meaning of Positive-, Negative-, and Zero-Sequence Impedances. 

Positive-Sequence Impedance, h. The impedance which a symmet¬ 
rical three-phase circuit offeA to the flow of a balanced symmetrical 
three-phase positive-sequence set of currents is its “ positive- 
sequence impedance.” This is the same as the commonly under¬ 
stood impedance of three-phase circuits and requires no further 
explanations. 

Negative-Sequence Impedance, Z 2 . The impedance which a sym¬ 
metrical three-phase circuit offers to the flow of a balanced sym¬ 
metrical three-phase negative-sequence set of currents is its “neg¬ 
ative-sequence impedance.” 

Symmetrical static apparatus, such as transformers, reactors, 
and transmission lines, cannot distinguish between positive- and 
negative-phase-sequence currents, and therefore, their positive- and 
negative-phase-sequence impedances (that is, Zi and Z 2 ) are identical; 
but for rotating machinery, it does make a difference whether the 
phase rotation of the currents is the same as that of the machine or 
opposite to it, and therefore Zi and Z 2 are not identical for them. 
Table I sets forth the ratio of the negative-sequence impedance to 

■ TABLE I 

Reactances of Synchronous Generators ^ 


The higher values correspond to water-wheel generators. 
The lower values correspond to,turbo-alternators. 


Condition 

* 

Positive 

Sequence 

%IX, 

Negative 

Sequence 

%IX2 

Zero 

Sequence 

%/Xo 

Sustained short-circuit: Synchronous reactance 

100-120 

10-60 

1-25 

Transient short circuit: Transient reactance 

IS-40 

10-60 

1-25 

Initial short circuit: Subtransient X 

8-40 

10-60 

1-25 


the positive-sequence impedance in different types of generators, for 
transient and steady-state conditions. This table is illustrative 
only, and, therefore, in any practical problem, the negative-sequence 
impedance of the generator must be ascertained. 

Zero-Sequence Impedance, Zq. The impedance which a symmetrical 
three-phase circuit offers to the flow of a symmetrical zero-sequence 
set of currents (currents equal to, and in phase with, each other in all 
three lines or legs) is its zero-sequence impedance. 
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The magnetic field produced by the zero-sequence set of currents is 
likely to be radically different from those produced by positive- or 
negative-sequence currents, and, therefore, Zo in general is very dif¬ 
ferent from Zi and Z 2 . 

In transformers, when zero-sequence currents flow in only one 
winding per phase, without corresponding neutralizing ampere-turns 
in another winding, the reactance offered must obviously be very 
high—of the order of magnetizing impedance for single-phase and for 
shell-type three-phase transformers, and of the order of leg-to-leg 
impedance in three-legged three-phase core-type units. The zero- 
sequence reactances in these cases may saturate on account of the 
involvement of the core, and, therefore, may vary with values of 
zero-sequence currents. When zero-sequence currents flow in two 
windings per phase, with equal and opposite ampere-turns, the zero- 
sequence reactance is a leakage reactance between those two windings. 
A variety of cases involving transformers have been collected in 
Table III, and will be discussed below. 

In transmission lines, zero-sequence currents must return either 
through the ground, or through the neutral wire, or through both; 
and, therefore the zero-sequence impedances of transmission lines are 
likely to be many times their positive- or negative-sequence impe¬ 
dances, as illustrated in Table II. 


TABLE II 
Line Reactances ^ 

Approximate values in terms of the positive-sequence components 


Type of Line 

Positive-Sequence 

Negative-Sequence 

Zero-Sequence 


Reactance X\ 

Reactance X 2 

Reactance A'ft 

Three-wire overhead 




line or cable 

1 

1 

3.5-4.5 

Four-wire circuits 

i 

1 



* This is susceptible of accurate calculation by elementary methods when the configuration of the wires is 
given. 


In generators, the opposite holds true, their zero-sequence impe¬ 
dances being a fraction of their positive- or negative-sequence impe¬ 
dances, as illustrated in Table 1. 

The foregoing impedance definitions imply that the circuit of 
which the impedances are under consideration is symmetrical; that is, 
all three phases are alike. If the circuit is unsymmetrical, as for 
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instance in the open-delta connection, or in the Scott connection, of 
transformers, a more complicated set of symmetrical impedance com¬ 
ponents are involved. 

Simple Applications of Symmetrical Impedance Components. 
Let Ii, I 2 , lo be the current components in a given phase with cor¬ 
responding impedance components Zi, Z 2 , Zq. The voltage consumed 
by the impedance drops will be 


E = IiZi + I 2 Z 2 + IqZo 

Line-to-Neutral Fault. Considering phase A in Fig. 11a, the 
voltage consumed by the impedance drops will be equal to the full 
leg voltage Eieg, and the current components I^i, 1 ^ 2 , and I^o will 
each be equal to I//3. Hence, 

Eieg ^ 3 + "3 ^2 + ^ Zo 

Solving this for I/, 

J _ ^ _ 

^ Zi + Z 2 + Zo 

which will be recognized as the formula given at the beginning of this 
chapter for line-to-neutral single-phase short circuits. 

Line-to-Line Fault. Considering the problem of Fig, 13 and 14, 
the voltage consumed is the line voltage, (Ea “ E^), equal to 
1.73 Ea / "h 120° . The impedance drops take place in phases A and 

» 

1.73 Ea / "h 120^ = I^iZi + 1a2^2 

“ (IbiZi + ZB 2 Z 2 ) 

= (1^1 “ Ibi)Zi + (1^2 “ Ib2)Z2 

The minus sign in these equations results from the fact that the 
positive directions of phases A and B (as reckoned from the neutral 
for symmetry in Y) are in opposite directions when A and B are con¬ 
sidered as a series circuit. 

An inspection of Fig. 14 will reveal that 

1^1 — Ibi = Iai + Ia2 = 1/ 

Iil2 “ Ib2 = Ia2 + IaI = 1/ 


also 
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With these substitutions above, and disregarding the phase angle of 
the voltage, 

1.73 Ea = I/(Zi +Z 2 ) 

^ 1.73 E,eg 

Zi + Z 2 


Zi + Z 2 


which is the formula for line-to-line single-phase short circuits. 

Impedance in the Neutral. It was shown above that the neutral 
carries the zero-sequence currents of all-three phases, and, therefore, 
a given impedance will cause three times as much zero-sequence 
voltage drop when placed in the neutral as when placed in each one of 
the phases. Accordingly the zero-sequence value of an impedance in 
the neutral is three times its ohmic value, 


Also 


(Zjv')o = 3 Ziv 


(%IZ^)o = 3(%IZ^) 


Accordingly, with impedance Zjv in the neutral, the formula for line- 
to-neutral fault becomes 


I 


lault 


_ 3 Eieg 

(Zi + Z 2 + Zo) + 3 Zjv 


Impedance in the Fault. Line-to-Neutral Fault. Inspection of 
Fig. 11a may show that impedance in the fault cannot be distinguished 
from impedance in the neutral, and therefore the same considerations 
apply to both. Accordingly, for an impedance Z/ in the fault, and 
Zjv in the neutral, 

j __ ^ Eieg _ 

(Zi + Z 2 + Zo) + 3 Ziv + 3 Z/ 


The same formula follows if the impedance in the fault is assigned 
to the line instead of to the neutral, because then it will have to be 
assumed that there is such an impedance in series with each one of the 
idle lines as well as the short-circuited line, in which case Z/ will have 
to be added to each one of the positive-, negative-, and zero-sequence 
impedances, and, therefore, it will enter into the formula as 3 Z/, the 
same as in the formula above. 

The same formula follows if we add the fault impedance directly 
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to the effective impedance of the rest of the circuit. The effective 
impedance of the system is (Zi + Z 2 + so that the foregoing 

formula may also be written Is 

j ___ ^leg _ _ 

rault - + Z 2 + Zo)/3 + + Z/ 

Line-to-Line Fault. The impedance in the fault may obviously 
be added directly to the effective impedance of the rest of the system. 
Accordingly, 

j _ _ ^llne _ 

^ (Zi + Z 2 ) + Zf 

Discussion of the Zero-Sequence Impedances of Various Trans¬ 
former Connections. Referring" to Table III, the zero-sequence 
impedances are considered with reference to short circuits on the lines 
of circuit A. The arrows and figures indicate zero-sequence currents 
only. All comments on similarity of two different items is intended 
only for their zero-sequence impedances; their positive-sequence 
impedances may be very different. 

Item 1: Zero-sequence currents in the lines of A have no path to 
return, hence the equivalent diagram (open-circuit), and infinite 
zero-sequence impedance. 

Item 2: The substitution of a Y for a delta in A does not alter the 
zero-sequence network of Aj because the neutral of the Y is not 
available. 

Item 3: Here, the zero-sequence currents in system A can return 
through the neutral of the grounded Y, and corresponding ampere- 
turns are circulated in the delta. *r4o zero-sequence currents can 
appear in the lines connected to the delta, hence the break at B in the 
equivalent network. 

The arrows must not be taken as indicating the location and direc¬ 
tion of flow of the Mai resultant short-circuit currents; they indicate 
only the location and direction of flow of the zero-sequence set of 
currents. The resultant currents will be zero in a number of branches, 
but zero-sequence components will flow in every one of the three 
phases. 

An impedance Z^^ is shown in the neutral, for the sake of generality. 
Note that the zero-sequence value of an impedance in the neutral is 
three times its ohmic value, because it carries three times the zero- 
sequence current. This will illustrate how to allow for a given impe¬ 
dance in the neutral in any other case in Table III. The impedance 
Zab (in the Zo column) is the ohmic value of the leakage impedance 
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TABLE III 

Transformer Zero-sequence Reactance 


L. . .. 

Connection Diagram 

Short Circuit on Side A 

/ Wire Diagram Equivalent 
Zero - Sequence Network 

Zero - Sequence 
Impedance Zq 

1 

0 0 

i>-2 * 

B j- A 

^A0= infinity 

2 

0 

T : ■ 

Zab - 

Zao^ tftfinity 


0 

W * 


^A0= 

See Text 


4 

4 

”1^ 



Infinity 

5 

6 

0 



Magnet Current imped, 
for Single Phase Units. 
{50%^ 500 % for Three 
Phase Three - legged 
Core - type Units .) 

L ttb/o 

1 


6 

B Connected to ij Grounded Syetem 

^AB 

^AO = ^AB+^B’ 

See Text 

7 

Same as Above Except B is 
Connected to an Isoiated System 

8 A 

Simiiar to (5) 

See Text 

8 

J ^ 

c 7 

il_ 

■iH 

Infinity 

Similar to (4) 

9 

i_ 

T T 

Similar (5) 
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Tabl^ III ,— Continued 
Transformer Zero-sequence Reactance 


10 

^ if 

S Connected to a Grounded Si/stem 

c _ 

g ^ 

2^ 

Simitar to {6) 

ZaO= ZAB+Zff 

See Text 

11 

If ^ "f 

8 & C Connected to Grounded Systems 

•t\ —nnn—nrn-l ^ 

^AO = 

(Zb+Zb) {Zc^-Zq) 
{Zb+Zb*) +{Z£+Z(y) 
See Text 

12 


>- 



Infinity 

13 


>- 1 

n 

4|^ _r(TvJ ^ 

Zb 

Infinity 

14 

■T 

► Y‘ 

B y. 

Infinity 

15 


^ 1 

■r^ 

c 

'i| * ^ on 

pii * \ 

* Za 

3A' 

V pz , ^bZc 

Zao-Za+ 

See Text 

16 


- a 


Zao^ Zji+Zc^ Zac 


^^"¥1 * 

; 

. 

17 


4V-‘ 

4i7<»TM>r —^ 
Zb-F 

■1 . nr 

n ^44 i 

1 -nrriY 

■J ~ 

Zao^ -^a+ 
{Zb+Zb>) (Zc) 

18 

Same os Above Except B is 
Connected to an Isolated System 

i| — qnr^ 4 

1 
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TABLE HI .—Continued 
Transformer Zero-sequence Reactance 
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between A and B per leg in terms of winding A, Both Zab and 
may also be expressed as percentages (and preferably so) based on an 
assumed standard current ^and the line-to-neutral voltage. The 
coefficient 3 applies to Z;v equally whether its ohmic or its percentage 
value is used. 

In this particular case, the positive-, the negative-, and the zero- 
sequence impedances of the transformer are all equal to Zab, if the 
transformer is excited from the delta side. However, if the excitation 
is on the Y side, the positive- and negative-sequence impedances of 
the circuit are infinity to the left of the fault for faults on side A, 
although the zero-sequence impedance is still Z^b. Of course, the 
positive- and negative-sequence impedances of the system to the right 
of the fault will then have some finite value. 

Item 4; Neutral not available, and hence the zero-sequence 
impedance is infinity. 

Item 5: Here, the zero-sequence currents can return through the 
neutral, but as there can be no neutralizing ampere-turns in the B coils, 
the zero-sequence impedance is bound to be very high: magnetizing- 
current impedance for single-phase units, for shell-type three-phase 
units, and for five-legged core-type three-phase units; but phase-to- 
phase (leg-to-leg) reactance for three-legged three-phase core-type 
units. In the last case, the zero-sequence reactance ranges from 
around 50 to several hundred per cent. Auto-transformers generally 
exhibit high values. Zero-sequence reactance of this type is subject 
to saturation, more, of course, in the single-phase units and in the 
shell-type units, less in the three-legged core-type units, on account of 
the path of zero-sequence flux being iron in the former units, and only 
partially iron and partially air in the latter. 

Item 6: Here, the zero-sequence currents can return through the 
neutral, and can also have neutralizing ampere-turns in the B coils, 
as it is assumed that the system connected to ^ is a grounded system 
independent of the ground at B. Z^, is the total zero-sequence 
impedance of the system connected to B and must be added to Zab, 
as shown in the Zo column. The dotted branch Zm is shown merely 
for the sake of theoretical completeness. It should be ignored in 
general, as ignored in the formula, because its admittance is likely to 
be very small compared with that of the path (Zab + ^b') in parallel 
with it. (As a theoretical question, whether the dotted branch should 
be tapped into the circuit at ^ or at ^ would depend, in concentric 
transformers, on whether A is the inner winding, or B is the inner 
winding, respectively.) 

Item 7: This is similar to Item 5, unless line-to-ground capacitances 
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on the B lines offer a return path of low enough impedance deserving 
consideration (which is not likely to be true for short-circuit calcula¬ 
tions), or unless a series or parallel resonance phenomenon is involved 
between the line capacitances of the B side with high inductive zero- 
sequence reactances on the A side. 

Item 8: This case is no different from Item 4. 

Item 9: Similar to Item 5. 

Item 10: Similar to Item 6. 

Item 11: This differs from the preceding case in that the circuits 
of the sides B and C are in effect in parallel with each other, and this 
parallel combination in series with the circuit of A. The impedances 
Za, Zb, and Zc are the same as the individual “three-winding^” 
leakage impedances of the respective windings, as explained in the 
chapter on three-circuit theory. Z^. and Zc» are the zero-sequence 
impedances of the circuits connected to B and C respectively, and 
must include any impedances that may be in their neutrals. In 
substituting the impedances of the various branches of the network 
into a formula, they must all be reduced to a common basis in all 
cases: ohms values, to the same turn basis; percentage values, to the 
same kv-a. basis. 

Item 12: Similar to Item 1. 

Item 13: Similar to Item 2. 

Item 14: Similar to Items 2 and 4. 

Item 15: Similar to Item 3, but with two deltas in effect in parallel, 
and, therefore, in general with still lower zero-sequence impedance 
than Item 3. The impedances Za, Zb, Zc are the individual three- 
winding impedances of the respective windings as explained in the 
chapter on three-circuit theory. All impedances must be reduced to a 
common basis; ohmic values, to the same turn basis; percentage 
values, to the same kv.-a. basis. 

Item 16: Similar to Item 3, inasmuch as the B winding can have 
no zero-sequence currents. 

Item 17: If the system connected to B is grounded elsewhere 
(besides the ground at the transformer under consideration), this 
becomes almost equivalent to Item 15, with three-winding impedances 

Zb, Zc, as discussed in connection with some of the earlier cases, 
except that to branch B there will be added the zero-sequence impe¬ 
dance Zb* of the system connected to B, 

Item 18: With proper interpretation, this item becomes a special 
case under (17), by observing that the value of Zb* in this present case 
is infinity and may be so substituted in the formula of Item 17, which 
thus reduces to (Z^ + Zc) or just Z^c, as it should be, inasmuch as 
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this case is really the same as Item 3, though different symbols have 
been used for the data. 

Item 19: This is the zigzag grounding auto-transformer connection. 
The zero-sequence impedance is given as the leakage impedance 
between the zig '' and the “ zag on one core leg. In auto-trans¬ 
formers, the leakage impedances effective at the line terminals are 
usually different from the values of the leakage impedances between 
portions of windings acting as primary and secondary with reference 
to each other; and, therefore, there is an ever-present danger to con¬ 
fuse the two figures or to use an improper conversion factor. 

In the present case, if Xaa' is calculated like an ordinary transformer 
reactance, treating a as primary and a' as secondary (or vice versa), 
expressed as a percentage based on an assumed current, then its effective 
percentage zero-sequence impedance will be 


% IZo = 


%IZ.a. 
1.73 ' 


to the same current basis. 

If, on the other hand, % IZaa' has been calculated based on an 
assumed kv-a., then 


%IZo 


%lZaa^ 


3 


to the same kv-a. basis. 

Finally, if the ohmic value of Zaa' is calculated with a as primary 
and a' as secondary (or vice versa), this value applies directly to the 
zero sequence impedance: 


Zo ohms = Z®a' ohms 


Item 20: The neutrals of both auto-transformer and system con¬ 
nected to B being isolated, no zero-sequence currents can flow through 
the'auto-transformer windings. 

Item 21: Here zero-sequence fault currents, flowing from lines of 
A to ground, return through the neutral of grounded system B, over 
the lines of B, and through the series coils of the auto-transformer to 
the line wires of A, completing the circuit. 

Za is the magnetizing impedance of the series winding, in single¬ 
phase units and in shell-type three-phase units. In three-legged 
core-type units, Za is the leakage reactance between legs. To avoid 
possible misinterpretation of numerical values, it should be noted that 

Zo = Za -f Zb* 


everything in ohms. 
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%IZ. 



+ % IZb* 



all based on A line current and their respective voltages; 



2 


all based on line kv-a. 

The ohmic value of Zb*, the zero-sequence impedance of the 
external system connected to B, is to be used here without transforma¬ 
tion , because in the present case, the auto-transformer steps up 
neither the zero-sequence currents (flowing through its series windings) 
nor the zero-sequence voltages in the network, and, hence, neither 
the zero-sequence impedances, by virtue of the fact that the auto¬ 
transformer neutral has no connection with the zero-sequence path. 

Item 22: This case differs from the preceding in the provision of a 
tertiary delta winding which will lower the reactance offered by the 
auto-transformer to the flow of zero-sequence currents through its 
series coils. 

Zo = Za& + Zb* 


ohmic values. 


% IZo = % IZa6 




2 


based on a common kv-a. basis. 

If B were connected to an isolated system, the zero-sequence 
impedance would be infinity, regardless of the presence of the delta 
winding. 

Item 23: Comments on Item 5 apply here also. Whether mag¬ 
netizing impedance, or leg-to-leg impedance, % IZo will be very much 
higher in auto-transformers than in transformers, based on the rated 
line or output kv-a. Saturation will be apparent at smaller percentage 
zero-sequence loads in terms of the rated auto-transformer output 
kv-a. 

Item 24: Here, the auto-transformer neutral is connected to the 
neutral of the system on the side B, and, therefore, zero-sequence 
currents returning through system B will be transformed through 
the auto-transformer encountering only the regular positive-phase- 
sequence impedance of the auto-transformer. Accordingly, if ohmic 
values are used, Zao' will be the auto-transformer leakage impedance 
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as appearing at the high-voltage terminals; Z b' will be the value of the 
zero-sequence impedance of the systems on the left multiplied by the 
square of the voltage transformation ratio. If percentage values are 
used, % IZaa' will be the regular auto-transformer reactance, and 
% IZb' will require no multiplication provided it has been calculated 
to the same kv-a. basis as % IZaa*- The magnetizing (or leg-to-leg) 
reactance branch (shown dotted) is ignored. 

Item 25; This case is similar to 3, as there will be no zero-sequence 
currents in the lines of B in the present case, and none in the lines of 
the delta in either case. The full winding {a + af will act as primary, 
h as secondary, and that is what is meant by 

Item 26: The zero-sequence path has three branches: a main 
path through the high-voltage lines, then through the coils, a, and 
then dividing between two branches in parallel, one through coils a' 
to ground, the other through system B to ground. The impedances 
of these respective branches may be found as follows: 

Applying the three-circuit theory, we will have three impedances 
corresponding to the three branches or terminals of the auto-trans¬ 
former, namely Zai Za* and Zb^ With branch B open, we will have 

“b = ^(a + a')(b) 

as explained in Item (25). With branch a' open, that is auto-trans¬ 
former neutral isolated, we will have, 

Za + Zb = Zah 

as explained in Item (22). Finally, with branch a open, and consider¬ 
ing the circuits of the two parallel branches by themselves, we will 
have 

Za^ Zb = Za'h 

Solving these three equations for the unknowns, 

fj _ “b ^ab Za*b 

r~—■ 

17 _ ^(a+a') 0 ) Zab 

Z. - ^- 

_ Zab “b Za'b Z(a + a^jfjj 

Zb- ^- 

in which the various impedances are the actual ohmic values^ not 
converted to a common turn basis. If percentages are used, the values 
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must be based on the same amperes and the same reference volts, 
preferably the rated or base current and the rated (line-to-neutral) 
voltage of the faulty lines. The zero-sequence equivalent circuit, so 



Gen. A 
X2=29% 


Transformer A 
Xj = 20% 
X2^209s 
Xq — 20 ^ 



derived for the auto-transformer, automatically takes care of the 
transformation ratio, and therefore the resultant network in combina¬ 
tion with the rest of the system may be solved like any network by 
elementary methods. 
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Fig. 17. —Sequence Networks of Fig. 16. a. Positive 
sequence impedance network, b. Negative sequence 
impedance network, c. Zero sequence impedance 
network. 


If there were no 
tertiary delta-winding, 
and the transformers 
were single-phase units, 
making the three re¬ 
actances, Z(a-{-a')(b) ^abt 
and Za' bf magnetizing 
reactances, represent¬ 
ing a simplified case 
soluble by elementary 
conventional methods, 
these equations would 
still hold true and give 
the same results as 
would be obtained by 
the conventional meth¬ 
ods. For a thorough 
discussion of these 
points see an article 
by the writer, entitled 
*' I aversion Currents 
and Voltages in Auto¬ 
transformer Circuits, ’ * 
Trans. A.I.E.E., 1930. 

Determination of 
Zero-Sequence Impe¬ 
dances by Test. Zero- 
sequence impedances 
are best tested with 
zero-sequence currents. 
Since the zero-sequence 
currents of the three 
phases of a three-phase 
circuit are in phase 
with each other, they 
may be connected 
either in parallel or in 
series, and excited 
single-phase, as shown 
in Fig. 18 for a num¬ 
ber of types of circuits. 
It will be observed that 
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the test can be made either in Y or in delta. The Y*s, as in Figs, a 
to dy call for parallel connection, and the supply line current Iz, will 
be three times the coil current. Accordingly, 


_ ^(test) __ ^ ^(teat) _ ^(test) 

^(phaae) 

In delta-connected circuits, the corner of the delta is opened, 
thereby putting the three phases in series with one another; the test 
voltage will then be three times the voltage per phase. Accordingly, 


Zo = 


■'(teat) 


/3 E, 


(per phage) 



Fig. 18. —Test Connections for Zero-Sequence Impedances 


In a Y-delta transformer, if the zero-sequence impedance of the 
Y side is tested from the delta side, as in Figs, e and/, the Zo so deter¬ 
mined must either be expressed as a percentage, or, if in ohmic value, 
it must be converted to the basis of the Y side by the square of the 
transformation ratio per leg. 

Example 1. Required to calculate the initial line-to-neutral short-circuit 
current of the generator shown in Fig. 11a, assuming that the transient reactance as 
commonly understood is 10 per cent. In the absence of data on this particular 
generator, we may use Table I. Assuming the lower figures, 


%IXi = 8 

%IX^ = 10 
%/Xo= 1 
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Substituting these values in the general formula 


we get 




_ N /norma] _ 

7oixi^%ix.^%ix, 




30Q X /normal 

a -h 10 4 -1 


— 15«S N ^normal 


At the outset, this problem may have appeared so simple as to be soluble by 
inspection, requiring neither the method of simultaneous equations, nor that of 
symmetrical components, but it may be evident now that the peculiar behavior of 
generator impedance with unsymmetrical currents is taken into account by this 
method in such an explicit and logical manner as could have been done by no other 
known method. 


Example 2. Fig. 16 is the three-wire diagram of a network. Fig. 17a shows a 
one line diagram of the positive sequence, network; Fig. 17b that of the negative- 
sequence network, and Fig. 17c that of the zero-sequence network. For a fault near 
the junction point of the network, the four branches of the network are in parallel, 
and the computation of the impedances may be carried out conveniently in tabular 
form as follows. It is assumed that circuits C and D are unloaded. 

Impedances are in percentage on a common kv-a. basis. 


Section 

Circuit + 

Circuit 

B 

Circuit 

c 

Circuit D 


Zi 

Z 2 

Zo 

Zi 

Z 2 

Zo 

Zi 

Z 2 

Zo 

Zi 

Z 2 

Zo 

Generator 

i40 

7*29 


7*60 

7*44 

7T6 







Transformer 

>20 

7*20 

i 20 

7*30 

jso 

7*30 

7*25 

7*25 

7*25 

7*25 

7*25 

8 

Line 

7IO 

jio 

i40 

i5 


7*20 

0 

0 

0 

73 

73 


Neutral res. 

0 

0 

7120 

0 

0 

0 



120 




Total for each circuit 

;70 

7*59 

120 

+;60 

j95 

jl9 

7*66 



120 

7*25 





Since the four circuits are in effect in parallel for a fault near the junction, the 
resultant component impedances will be: 


7 70 X 7*95 
j59 X 7*79 


1 


+ ^ + ■ 


1 


120-|-j60 j66 120 +>25 


= (22.6+7*30.5)% 
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then, for a line-to-ground short circuit near the junction, 
^ 300 X 100 

“ 22.6+jl05.6 “ 

and for a line-to-line short circuit near the junction, 

173 X 100 


Ifault — 


40.3 + 34.8 


= 230% 


Part 11 

SHORT-CIRCUIT VOLTAGES 

Introduction. That the grounding of a circuit reduces the poten¬ 
tial stresses under conditions of line faults is known qualitatively in 



Fig. 19a.—Neutral Shift Due to Line to Ground Fault in Terms of Normal Leg 
Voltage for Various Ratios of Zero Phase Sequence Reactance to Positive Phase 

Sequence Reactance. 
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the industry, but the magnitude of the reduction is not generally 
known, and, therefore, in making decisions on matters like the mag¬ 
nitude of grounding impedances, sizes of tertiary windings, sizes of 
grounding transformers, and margin of safety of lightning arresters, 
etc., little or no consideration is likely to be given to the actual value 
of the normal-frequency potential stresses that will result. The com¬ 
mon assumption is likely to be that in a grounded system, no matter 



Fig. 19&. —Potential Stresses to Ground for Various Ratios of Zero Phase Sequence 
Reactance to Positive Phase Sequence Reactance. 
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how grounded, the potential stresses are limited to the value of the 
normal line voltage, without taking advantage of a possible reduction 
due to grounding. Even though other considerations, such as impulse 
phenomena, may generally be the limiting feature, yet occasionally 
the low-frequency stresses turn out to be serious; and, inasmuch as 
the calculation of the actual low-frequency stresses is not very diffi¬ 
cult, these stresses may well be taken into account in making engineer¬ 
ing decisions on related matters. With the aid of the accompanying 
curves, these stresses may be estimated with little or no calculation. 

General Formula. The potential to ground of a line on which a 



\A 

Fig. 20. —Vector Diagram 
of Voltages with Fault at 
A, when the Zero Sequence 
Reactance is Negligible. 
Note that the Neutral 
Shift is Negative (away 
from the Faulty Phase) 
and SO Per Cent in Mag¬ 
nitude. 



Fig. 21. —Vector Diagram 
of Voltages with Fault at 
Aj when the Zero Sequence 
Reactance Equals the Pos¬ 
itive Sequence Reactance. 
Note that the Neutral has 
not shifted. 



Fig. 22. —Vector Diagram 
of Voltages with Fault at 
A , when the Zero Sequence 
Reactance is 10 Times the 
Positive Sequence React¬ 
ance. Note that the 
Neutral Shift is 75 Per 
Cent and Positive 
(Towards the Faulty 
Phase). 


ground fault occurs vanishes, of course, and therefore the stresses 
to ground to be considered are those on the other lines. The neutral 
shift as viewed from the sound lines, and expressed as a percentage of 
the normal leg voltage, is given by the formula 


% Neutral shift = 


100(%IZo - %IZi) 
% IZo + 2 X % IZi 


100 (k - 1) 
k + 2 


( 1 ) 

( 2 ) 


in which % IZi is the positive-phase-sequence impedance, and % IZq 
the zero-phase-sequence impedance of the system at the point of fault, 
while k is the ratio of the zero-sequence impedance to the positive- 
sequence impedance. The derivation of the formula will be found at a 
later point. 

Neutral shift is generally parallel to the normal voltage of the faulty 
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phase. Positive neutral shift we shall assume as towards the faulty 
phase, negative shift away froip it, and the angle of any angular shift 
will be reckoned from the faulty phase as the reference phase. When 
the position of the neutral is known, the line-to-neutral voltages can 
be calculated by elementary trigonometry; but the accompanying 
curves make even this unnecessary. 

System Grounded through Inductance. It may be seen from 
Equation (2) that the effective neutral shift is a function only of the 
ratio of the zero-sequence impedance to the positive-sequence impe¬ 
dance. This makes it possible to plot curves of neutral shift and 



Fig. 23. —Vector Diagram 
of Voltages with Fault at 
A , when the Zero Sequence 
Reactance is Indefinitely 
Large. The Neutral Shift 
is 100 Per Cent and Posi¬ 
tive. 





Fig. 24. —Vector Diagram 
when k = ( — 1.0). Neu¬ 
tral Shift is ( — 200%). 


potential stresses of the sound lines in terms of this ratio, as shown in 
the accompanying illustrations. Fig. 19a and 19b apply when all 
impedances may be assumed reactances. On the basis of these figures; 

(a) When the zero-sequence impedance is negligible compared 
with the positive-sequence impedance (i.e., k = 0) the neutral shift 
is 50 per cent negative and the normal frequency stresses in the sound 
lines are only 86.6 per cent of normal (Fig. 20). This condition would 
be approximated by a Y-Y delta transformer with a full-capacity 
delta winding closely coupled with the short-circuited side. If the 
fault is on the low-voltage side, this condition is generally fulfilled, as 
the reactance between the delta and the low-voltage (Y) winding is 
likely to be small compared with that between the high- and the low- 
voltage Y windings. 

(b) When the zero-sequence impedance is equal to the positive- 
sequence impedance (i.e., k = 1) neutral shift is zero, and line faults 
do not affect the normal frequency stresses to ground on the sound 
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lines (Fig. 21). This case is represented by a grounded Y-delta 
transformer: delta primary, Y secondary. 

(r) When the zero-sequence impedance is many times as large as 
the positive-sequence impedance, say 10 times as large, the stresses 
on the sound lines become 1.5 times their normal value (Fig. 22). 
This would be represented by a Y-Y delta tertiary transformer in 
which the tertiary is of small capacity and of 50 to 60 per cent reactance 
based on the kv-a. rating of the secondary. 

(d) When k — oo ^ the neutral shifts completely and the stresses 
of the sound lines become 173 per cent, or equal to the line voltage 
(Fig. 23). This applies to all those cases in which the grounding is 
done through a very high impedance or is nominal, and fault currents 
are a negligible fraction of the normal load currents. 

Relays to open neutral connections or fuses to open tertiary delta 
windings also lead to this condition. Furthermore, the capacitances 
of a system to ground, being in parallel with the zero-sequence path, 
may increase the resultant zero-sequence reactance materially, if the 
inductive zero-sequence reactance is a high percentage value and 
charging currents are considerable. In the Peterson system, the 
neutral inductance is tuned for parallel resonance with the line capaci¬ 
tance, leading to a resultant zero-sequence impedance of very high 
value. 

Comparing paragraphs (c) and (d ), it will be observed that ground¬ 
ing through considerable impedances, or through small-capacity high- 
reactance tertiary windings, reduces the stresses only partially, and 
that apparatus which are designed only for leg voltage, with little 
margin of safety, may come to grief on such systems. 

(e) Finally, we may consider those cases in which the net zero- 
sequence impedance is negative or capacitive, and resonance occurs 
when the resultant negative zero-sequence reactance is twice the 
three-phase reactance. Considering Fig. 19a, neutral shift is more 
than 100 per cent for all values of k between ( — 0.5) and ( — 2), 
resonance occurring when k is ( — 2). Fig. 24 illustrates the case in 
which k = (—1.00) and the neutral shift is ( — 200 per cent). Condi¬ 
tions leading to such cases would occur when the neutral is grounded 
through a capacitance, or when a tertiary delta is closed through a 
capacitance, or when the charging current of the circuit under con¬ 
sideration is very large. 

In the first two cases, the capacitance would be directly in series 
with the zero-sequence path; in the last case, an abnormally low 
impedance capacitance zero-sequence path through the lines would be 
in parallel with a high impedance inductive zero-sequence path through 
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the neutral of transformers, and the combination might result in a net 
negative zero-sequence reactance. This, of course, is not any reason 
against any system of grounding, but a reason for checking the char¬ 
acteristics of circuits in which neutral capacitors or large charging 
currents may be involved. 

System Grounded through Resistance. Systems are sometimes 
grounded through a resistance. The foregoing formulas apply to 
them also. Assuming the zero-sequence impedance all resistive, and 



A 

Fig. 25.— Circle Diagram of Neutral Shift for Varying Values of Ground Resistance. 


the positive-sequence impedance all reactive, the ratio of the former 
to the latter will be quadrature, and this may well be indicated 
explicitly as 


7oiRo 

j%IXi 


= -ik 


and the formula for neutral shift becomes 
% Neutral shift = 100 


= -f 25 + 75 


(jk + 1) 

(jk - 2) 

(jk + 2) 


(jk - 2) 


(3) 

(4) 


In Equation (4), the numerator and denominator of the fraction 
will always have the same numerical value, but a varying phase with 
varying values of k (or varying values of ground resistance). It 
follows that Equation (4) represents a circle with its center at 25 per 
cent voltage from the normal neutral along the faulty leg, as shown in 
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Fig. 25. The neutral or ground potential moves along the circle, as 
the grounding resistance is varied from zero to iniinity. The potential 
stresses are the vectors drawn from the lines to the appropriate points 
on the circle. The points corresponding to k = 0, k == 1, and k = 
infinity are indicated. It will be seen that in general a resistive 
impedance gives a higher maximum stress than an inductive 
impedance, due to phase shift: compare the two cases for ife = 1 
(Fig. 25 with Fig. 21). 

Derivation of Formulas. The generality of the foregoing con¬ 
clusions may be appreciated by indicating the derivation of the 


ht tci 






Pham 
Bequeme BbX 


^BO 

Zero Phase 
Sequence 


Fig. 26.— Component Fault Currents for a Fault at Phase 


formulas. For a single-phase line-to-ground fault, the fault current is 
given by formula of Part I. 


300 I„onnal 

% IZo 4- % IZi -f- % IZ 2 


( 5 ) 


in terms of positive, negative, and zero phase-sequence impedances. 
tor most of the practical cases, the negative-sequence impedance may 
be assumed equal to the positive-sequence impedance. 

_ The student of symmetrical components will appreciate that this 
IS rigorously true for all static circuits but not so for synchronous 
machines. However, since in most of the practical cases the impe¬ 
dances of the synchronous machines are only a fraction of the total 
system^ impedances, the foregoing approximation will be found gen- 
erally justifiable, especially in view of the remarkable simplification 
which It permits in an otherwise complicated problem, and the formula 
IS simplified into 

J _ Ipormal 

^ % IZo -f 2 X % IZi 

or 


%i/ 


30,000 

% IZo -f 2 X % IZi 


(6b) 
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The phase-sequence-component currents are shown in Fig. 26. 
On the basis of the simplification that the positive- and negative- 
sequ en ce im peda n ce s may 
be assumed equal, the posi¬ 
tive- and negative-sequence 
currents may be combined 
and then their impedance 
drops calculated. Fig, 27 
shows the resultant currents 
for the sound phases B and 
C. It may be seen that the 
resultant of the positive- and 
negative-sequence currents 
is numerically equal to the 
zero-sequence current but is in the opposite direction. The percentage 
voltage drop which they will produce, therefore, will be 

% Neutral shift = % lo (% IZo - % IZi)/100 (7) 




Hci 




ho 


Fig. 27.—Component Currents in the Sound 
Phases Adding Up to Zero in Each Phase. 


Since % lo is one-third of the total fault current % I/, substituting 
its value from Equation (6) into (7), 


% Neutral shift = 


10Q(%IZo - %IZi) 
% IZo +^2 X % IZi 


Comments on the Term “Neutral.’’ Inasmuch as the purpose 
of this discussion has been the potential stresses to ground, all reference 
to “ neutral,” ” neutral potential,” gind ” shift of neutral ” will be 
understood as meaning “ ground,” ” ground potential,” and ” shift ” 
of ground potential with respect to the lines, etc. The potentials of 
the isolated neutrals of transformer windings or other apparatus may 
be entirely different from those of the “ neutral ” ground here dis¬ 
cussed. 
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CHAPTER VII 


TRANSFORMER CONNECTIONS 

L. F. Blxjme 


SINGLE-PHASE TRANSFORMER CONNECTIONS 

Parallel Operation of Single-Phase Transformers—General Prin¬ 
ciple. Transformers connected in parallel have a common voltage 
impressed on the primary windings and a common voltage impressed on 
the secondary winding. The vector difference between the impressed 
high voltage divided by the turn ratio, and the terminal low voltage, is 
the internal impedance drop. From these two facts it logically follows 
that the impedance drops within the two transformers connected in 
parallel must be identical. Thus, in Fig. 1, £i is the vector represent¬ 
ing the terminal high voltage, Ez (reduced to equiv¬ 
alent high voltage by multiplying by turn ratio) 
the vector representing the terminal low voltage, 
and E 1 -E 2 or IZ is the impedance drop which is 
common to both. Therefore, under any condition 
of load, the current will be so divided that the 
product of current and the impedance in one 
transformer equals the product of current and 
impedance in the other. Also, if the ratios of 
transformation of* the transformers are not equal, 
it is evident, from the fact that the terminal high 
voltages are identical and terminal low voltages 
are identical, that a constant circulating current must flow between 
the transformers, .even at no load. This circulating current and the 
division of load current will be considered in more detail below. 

Limiting Conditions for the Parallel Operation of Single-Phase 
Transformers. Transformers are suitable for parallel operation only 
when their voltage ratings are identical, their percentage impedances 
equal, and the ratio of reactance to resistance the same for both. 
Departure from these conditions involves either an uneconomical 
division of current, or a circulating current, both of which will lower 
the efficiency and decrease the maximum safe load which the bank 
can carry. In general it is not considered good practice to operate 
transformers in parallel under the following conditions. 



Fig. 1.—Parallel 
Operation of Single¬ 
phase Transformers 
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1. When the division of load is such that, with a total load equal 
to the combined kv-a. rating, the load current flowing in any one of 
them is greater than 110 per cent of its normal full-load value. 

2. When the no-load circulating current in any transformer exceeds 
10 per cent of the full-load rated value. 

3. When the arithmetical sum of the circulating and load currents 
is greater than 110 pet^ cent of the normal full-load current. 

In the above, by circulating current is understood the current 
flowing at no load in the high-tension and low-tension windings 
exclusive of exciting current. By load current is meant the currents 
flowing in the transformers under load, exclusive of exciting and cir¬ 
culating currents. 

The current division and circulating currents are calculated by 
the following graphical or analytical methods. 

Unequal Ratios—^Equal Impedances. When two units (or banks) 
having different voltage ratios are connected in multiple, a circulating 
current flows between the two transformers in both primary and 
secondary windings. This current can be calculated as follows; 

Expressing the difference in ratio in percentage of the normal ratio, 
the circulating current is obtained by dividing this value by the sum 
of the impedances of the two transformers, (i.e., the total impedance 
through which the circulating current is flowing). Thus, 

= __ X 100 

V{%iR' + k%iR'y + {%ix> -b k%ix"Y 

when %/'c = circulating current in the units in percentage of the 
rated current of unit whose rating is kv-a'. 

%IR\ %IX\ %IR'\ %/X" are the percentage resistances and 
reactances of the units kv-a.' and kv-a.", respectively. 

k = kv-a.'/kv-a." 

%e = difference in voltage ratio expressed in percentage of 
normal. 

The following approximation is sufficiently accurate for most cases. 
It is exact when the ratios of resistance to reactance in the two trans¬ 
formers are equal. 

%em 


%r. = 


%IZ + K%IZ'^ 
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If, as an example, the voltage of one transformer, owing perhaps 
to a wrong tap connection, differs by 2 J per cent from that of another 
with equal kv-a. rating, and the transformers each have an impedance 
of 5 per cent, then 


%rc = 


2.5 X 100 
5 -|- 5 


25 


The circulating current is 25 per cent of full-load current. From 
this example, it is evident that a comparatively small off-ratio will 
cause a considerable current to circulate. Obviously it is always 
necessary that transformers be on the same tap connection. 

Circulating current is entirely independent of load and load 
division. If, in addition to it, the bank is delivering full load, one of 
the transformers, especially if the load power factor is low, may be 

considerably overheated. Since these circu¬ 
lating currents do not flow in the line, they 
may exist without knowledge of the operator. 

Equal Ratios—Different Impedances. 
Frequently in practice it is sufficiently ac¬ 
curate to assume that the division of current 
between two parallel connected transformers 
is inversely as their respective reactances, 
and that the line current is the arithmetical 
sum of the currents flowing in the trans¬ 
formers. This assumption is exactly true 
when the resistances have the same ratio to 
each other as the reactances, and approxi¬ 
mately true whenever the reactance is large 
compared to the resistance. This is true of 
modern power transformers. When, however, 
the reactance is of the same order of mag¬ 
nitude as the resistance, as in small lighting 
transformers, a large error may be introduced 
by this assumption. Therefore, one of the 
more exact methods given below should be used under such con¬ 
ditions. 

Exact Graphical Solution for Two Transformers. When there are 
only two units (or banks of similar units) connected in parallel and 
the impedances are different in magnitude and phase angle, the 
division of load can be very conveniently and accurately determined 
by the following graphical method (Fig. 2): 

Lay out the two impedance triangles %IZ^ = {%IR^ + %IX^) 


B 



.Single-phase Trans¬ 
formers with Equal 
Ratio s—Different 
Impedances. 
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and k%IZ'^ = {k%IK' + k%IX''), where ^ = kv-a.'/kv-a." Draw 
the resultant and call it /l, the total current in the lines. Then 
%/Z' will represent and k%IZ'' will represent /' in magnitude 
and phase angle, because the currents in the units are inversely pro¬ 
portional to their respective impedances. 

It should be noted that the relative division of load is independent 
of the magnitude and power factor of the load; that is, whatever the 
division is for a given load at a given power factor, the same division 
holds for any other load at any other power factor. 

Analytical Method for Any Number of Transformers (Approximate). 
The division of load among the individual transformers can be obtained 
from the following equations: 



where /i = load current in transformer bank 1. 
I 2 = load current in transformer bank 2. 
Il = line current for any given load. 



capacity rating of bank 1, divided by its percentage 
impedance. 

capacity rating of bank 2, divided by its percentage 
impedance. 


The above formulas are, however, arithmetically correct only when 
the ratios between the resistance and reactance of all the transformers 
are equal, although they give results sufficiently accurate when the 
reactance is large compared with resistance. In other cases, the sum 
of the individual load currents will be greater than the current in the 
line, owing to a phase difference between the currents in the different 
transformers. 

Unequal Ratios and Unequal Impedances. If both the ratios and 
impedances are different, the circulating current due to off-ratio should 
be combined with each unites share of the load current to obtain the 
actual total current in each unit. For a unity-power-factor load, a 
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Fig. 3. —Parallel Operation 
of Two Single-Phase Trans¬ 
formers with Unequal Ra¬ 
tios and Unequal Impe¬ 
dances. 


10 per cent circulating current due to off-ratio adds only half a per 
cent to the total current. At lower power factors, however, it will 
add considerably more than this. A method of combining circulat¬ 
ing current with load current is indicated in Fig. 3. Here the power 

factor of the load is equal to the cosine of 
the angle EOIl- The magnitudes and phase 
angles of V and relative to II are taken 
from Fig. 2. Draw the circulating current 
7c (due to off-ratio) making the angle EOIc 
equal to angle BAC of Fig. 2. Add the cir¬ 
culating current (vectorially) to the unit 
which has the higher induced secondary 
voltage, and subtract it vectorially from the 
unit which has the lower induced secondary 
voltage. In Fig. 3, 7c is shown adding to 7", 
and subtractingfrom 7^ assuming that kv-a.” 
had the higher induced secondary voltage. 

Effect of Impedance of Interconnecting 
Cables. Cases arise where individual trans¬ 
formers or a bank of transformers are to be 
paralleled when there is some distance be¬ 
tween them. Then, especially when the 
current to be handled is very large as in furnace transformers, the 
reactance of the lines between transformers may be very appreciable. 
This reactance is usually in series with one or the other of the trans¬ 
formers and should be 
included in the calcula¬ 
tion of current division.. 

Paralleling Units of 
Unequal Impedances. 

Transformers having 
widely different, impe¬ 
dance values can be made 
to divide their load in 
proportion to their ratings 
by placing a reactor in 
series with the transformer 
having the lower impe¬ 
dance, so that the resultant impedances of the two branches become 
equal. 

An auto-transformer arranged as shown in Fig. 4, the ratio of 
which corresponds to the current ratio desired between the two banks, 


a 




1 

[q 

AtiiQ Transformer | 
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Fig. 4. —Auto-Transformer Used to Force Proper 
Division of Current Between Transformers Having 
Unequal Impedance. 
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may also be used to obtain the proper current division. The voltage 
of the auto-transformer adds to the impedance drop of the lower- 
impedance transformers, and subtracts from that of the higher-impe¬ 
dance unit. Thus it introduces less reactance into the system than 
when reactors are used. On the other hand, with paralleling auto¬ 
transformers, the power transformer units cannot be as readily switched 
on and off the bank without additional switching equipment. For 
example, referring to Fig. 4, before one of the transformers can be 
removed from the circuit, without interfering with load, it is necessary 
to short-circuit the auto-transformer; otherwise the disconnecting of 
one of the transformers results in load currents flowing through one 
side only of the auto-transformer, and introduces excessive series 
impedance into the line. 

THREE-PHASE TRANSFORMER CONNECTIONS 

Various three-phase transformer connections may be compared 
with each other from the following viewpoints: first, ratio of kv-a. 
output to the kv-a. rating of the bank; second, the degree of voltage 
symmetry; third, voltage and current harmonics; fourth, other 
operating peculiarities. A knowledge of these characteristics is essen¬ 
tial for the selection of the appropriate connection to meet a given 
service requirement. 

Ratio of Kv-a. Output to Kv-a. Rating of Bank or Apparatus 
Economy. The overwhelming majority of three-phase transformer 
connections are made by connecting three identical transformers or 
the phases of a polyphase transformer, either between the lines, thus 
forming a delta connection, or one end of each phase together and the 
other ends to the lines thus forming a Y. In either case, if three 
identical transformers or phases are used, the connection is symmetri¬ 
cal or balanced, that is, the currents and voltages in each of the phases 
are the same and related to the line voltages and currents in an iden¬ 
tical manner. Letting R represent the three-phase line voltage, and 7 
the three-phase line current, then for the delta connection each phase 
receives a voltage E and current whereas for the Y connection 

the voltage in each phase is £/1.73 and the current is 7. In either 
case, the rating of each phase is £7/1.73 and the rating of the bank is 
1,73£7. As the power associated with a line voltage E and line 
current 7 is also 1.73£7 for all balanced three-phase loads, it follows 
that the kv-a. present in the transformers is equal to the k-va. deliv¬ 
ered to the circuit (except for the influence of magnetizing current and 
regulation drop), and thus the ratio of kv-a. load to the kv-a. present 
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in the bank is unity. The fact that in all other three-phase trans¬ 
former connections this ratio is less than unity probably accounts for 
the preference for the delta or the Y connection over all others; for 
example, in the open-delta, T, and zigzag connections the ratio is 86.6 
per cent, which means that these connections are capable of deliver¬ 
ing only 86.6 per cent of their total transformer rating. 

Symmetry and Harmonic Voltages and Currents. Another impor¬ 
tant basis for comparison is the question of symmetry with respect to 
the lines and also with respect to the neutral. Voltage and current 
symmetry, both with respect to the three lines and also lines to 
neutral, is obtained only in the delta and in the zigzag connection. All 
other connections possess varying degrees of dissymmetry which, 
although the three-phase load be balanced, introduce objectionable 
operating features such as unbafanced regulation and current distor¬ 
tion. Open-delta and T are obviously dissymmetrical with respect 
to lines, and as a consequence they introduce into the circuit both 
unbalanced regulation and third-harmonic magnetizing currents. On 
the other hand, the Y connection, although symmetrical as far as the 
lines are concerned, introduces third-harmonic voltage and current 
dissymmetry between lines and neutral which may not only subject 
parallel telephone circuits to serious interference, but also, under 
certain conditions, subject the system itself to dangerous overvoltages. 
For this reason, the YY connection is not popular. It should be 
noted that, in the Y-delta or delta-Y connection, complete symmetry 
for all practical purposes is maintained by the presence of the delta. 

Balanced three-phase delta-delta, Y-delta, and delta-Y banks 
(provided that not only the windings but also the cores are equal and 
symmetrical) do not introduce third harmonics and their multiples into 
the line, and for that reason the wave shapes of the magnetizing cur¬ 
rents supplied to such banks are superior to the wave shapes of dis¬ 
symmetrical banks, other things being equal. It is of theoretical 
interest to note further that, if a delta-Y bank is operating in parallel 
with a Y-delta bank of the same rating, the fifth, seventh, seventeenth, 
and nineteenth harmonics in the magnetizing current taken from the 
line by the two banks are 180° apart in phase, and therefore only the 
relatively small differences will be supplied by the line itself. By this 
means, line harmonics due to transformer magnetization are reducible 
to a minimum. 

Delta-Delta vs. Delta-Y. Thus, from considerations of rating and 
symmetry, the delta-delta, delta-Y, and Y-delta connections have 
been found to be equal, and therefore other characteristics must be 
looked for to determine which should be used in any given case. Obvi¬ 
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ously, if a neutral is to be derived either for loading or for grounding, 
the delta-delta connection cannot be used, and very often paralleling 
with existing banks or the interconnection of networks or systems 
determines the selection. Also, in very high-voltage designs or where 
the line current is relatively small, the Y connection generally gives a 
less expensive design, since the phase voltage is jE/1.73; and, con¬ 
versely, the delta connection yields the less expensive design where the 
current is very large or the voltage small, since the phase current is 
7/1.73. Sometimes these considerations are sufficient to determine 
the connection. 

Where the connection is not determined by the above considera¬ 
tions, the selection of the appropriate bank connection may be aided 
by the following discussion of bank characteristics. 

Division of Load in Delta-Delta and Delta-Y Banks. Since, in the 
delta-delta connection, a multiple path is provided between any two 
lines both in the primary and secondary, it exhibits the properties 
of a parallel circuit, whereas the delta-Y connection, on account of the 
presence of the Y, provides only one path between any of two lines 
consisting of two phases in series, and this imposes upon the connec¬ 
tion, the characteristics of a series circuit. In other words, in the 
delta-delta circuit, the voltages are completely determined by the 
circuit, but the division of current among the phases depends upon 
internal characteristics of the transformers, whereas, in the delta-Y 
connection, the division of current is entirely indifferent to differences 
in the characteristics of the individual transformers. For this reason, 
a balanced three-phase load will be equally divided among the phases 
in delta-Y banks, regardless of inequalities in impedances, but, in the 
delta-delta bank, division of load is equal only when individual trans¬ 
formers have equal impedances. For the same reason, delta-Y con¬ 
nections are insensitive to off-ratio, whereas, in the delta-delta 
connection, relatively large currents circulate in both high- and low- 
voltage deltas when the ratios of transformation in all phases are not 
alike. It is evident, therefore, that considerable care must be taken 
in the selection of transformers to make up delta-delta banks, if the 
full capacity of the banks is to be made use of. 

This dependence of current division between phases upon the 
impedance values of the individual transformers gives on the other 
hand a flexibility of operation to the delta-delta bank, which the 
delta-Y and Y-delta connections do not enjoy, for delta-delta con¬ 
nection of transformers with different bank ratings is possible, since a 
phase having the smaller rating will usually have the higher ohmic 
impedance and thereby tends to take a smaller share of the load. In 
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fact, by proper proportioning of impedances, the division of load can 
be made to be in the same proportion as the ratings. By this property, 
delta-delta banks are operati\^ when made up of transformers having 
widely different kv-a. ratings and in fact with one phase entirely 
omitted, as in open-delta operation. In consequence of this flexibility, 
a failure in one phase of a delta-delta bank is considerably less serious 
than in a delta-Y or Y-delta bank, 

DELTA-DELTA CONNECTIONS 

Flexibility of the Delta-Delta Connection. The inherent current 
flexibility of the delta-delta connection has been found to be a very 
useful characteristic, for it makes it possible to continue operation 
after failure of one unit of a three-phase bank, or conversely permits 
the adding of a single-phase unit to a three-phase bank in order to 
increase the permissible output. This is shown in the accompanying 
table, which gives 11 combinations of identical transformers in various 
groups, ranging from the symmetrical delta bank (Case 1) on the one 
hand, in which the current division is perfect, to the open-delta bank 
(Case 2) on the other hand, in which, on account of the omission of 
the third phase, the whole line current flows in each phase. In the 
last column of this table is given the ratio of the kv-a. output of the 
bank to total kv-a. rating, which was determined on the basis that 
the rated load should not be exceeded ip any phase. This ratio is 
unity only when the phases are alike, and the greater the discrepancy 
between the ratings of the various phases, the smaller becomes the 
percentage load that the bank can deliver. The values given in the 
last column of this table are true onl>*when the percentage impedance 
of all the transformers of which the bank is made up are equal, which, 
of course, will be the case if the units are identical. 
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The need for combining a number of equal transformers in various 
groups as shown in this table is generally caused by the desire to 
increase the kv-a. output of a bank by adding one or two spare trans¬ 
formers or the need of continuing operation through the failure of one 
or more units of a bank which originally was symmetrical. Although 
it is very convenient to make use of the flexibility of the delta-delta 
connection in this manner, it is important to realize, as the table shows, 
that a reduction in output of the transformers is involved. 

Although the table was arranged on the basis that all the units 
had equal kv-a. and also equal percentage impedances, the division of 
load is not altered if two or more transformers making up one phase 
are replaced by one transformer having a rating equal to the combined 
rating of the transformers it replaces provided the percentage impe¬ 
dances are the same as before. For example, Case 5 applies to a bank 
made up of two 1000 kv-a. transformers and one 500 kv-a. transformer 
provided that the percentage impedances are alike. 

This dependence of load division on the impedances is perhaps 
more clearly shown in the solid curves (Fig. 5) in which are plotted the 
transformer currents expressed as percentages of line currents (left- 
hand vertical scale) for any ratio of impedance (horizontal scale) 
between odd units and the two like units. If the ratio of impedances (r) 
is determined from the ohmic values, it is immaterial whether the 
ratings are equal or not; but if r is determined from the percentage 
impedances, the ratio of the percentage impedances is multiplied by 
the ratio of phase ratings; in accordance with the equation for r. 


f = 


(% Impedance of odd unit) 
(% Impedance of like units) 


(kv-a. of like unit) 
(kv-a. of odd units) 


Thus it is seen by the expression for r that the horizontal scale in 
Fig. 5 is the ratio of percentage impedances when the kv-a. rating of 
the phases are equal and it is the ratio of kv-a. ratings of the phases 
when the percentage impedances are equal. When both percentage 
impedances and kv-a. ratings are unlike, r becomes the product of the 
two ratios. 

The dotted curve was obtained by dividing the ordinates of the 
solid curves, and therefore gives the relation between the value r and 
the ratio of current in like phase to current in the odd phase. The 
vertical scale on the right hand should be used with this curve. 

Maximum Output Obtainable from Delta-Delta Bank Containing 
One Odd Unit. In the previous discussion, it was assumed that the 
percentage impedances of the transformers were alike and a reduction 
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in output of the bank resulted when rating^ of the phases differed from 
each other. By means of Fie. 5 it is evident that, if the ratio of 
impedance (r) can be controlled, the division of current between phases 
can be adjusted so as to make the division of load more nearly approx¬ 
imate their ratings and by that means the kv-a. output of the bank 
can be increased to values greater than that given in the table above. 
The maximum output is obtained only when the different phases divide 
the load in proportion to their rated kv-a. capacities, so that every 
unit can be loaded up to its full rated value. The impedance ratio (r) 



which will accomplish this can be very conveniently determined by 
the aid of Fig. 5, which for this purpose is used as follows: 

First, determine the ratio of the kv-a. rating of one of the two 
similar phases to that of the odd phase. With the aid of the dotted 
curve in Fig. 5, determine the impedance ratio {r) which will give this 
ratio of load division. For instance, consider the example in which 
two 1000 kv-a. transformers are operating in delta with one SOO kv-a. 
transformer, that is, in which the ratio of kv-a. is 2. Find 2 on the 
right-hand vertical scale, and by means of the dotted curve determine 
the value of (r) corresponding, which in the example under considera¬ 
tion is 2.8, which according to the expression for (r) means that the 
ratio of the percentage impedances should be 2.8 divided by 2 or 1.42. 

In other words, the percentage impedance of the 500 kv-a. trans¬ 
former should be 1.42 times greater than the percentage impedance of 
the 1000 kv-a. transformer. 


GRAPHICAL AND EXACT SOLUTION 


175 


The actual load under this condition is obtained as follows: for 
the point r = 2.8, the current in the odd unit as determined from the 
left-hand vertical scale is 36 per cent of line current. With this cur¬ 
rent, the total output of the bank (assuming a balanced load) equals 
500 

X 1.73 = 2400 = 96 per cent transformer bank capacity. 

0.36 

From this it may be concluded that, when one phase of a delta- 
delta bank has a reduced rating, the percentage impedance of this 
phase can profitably be made greater than the percentage impedance 
of the other phases. 

Unlike the parallel operation of transformers on single-phase cir¬ 
cuits, the adjustment of impedances will not enable an unsymmetrical 
bank to deliver the total transformer kv-a. of which it is composed. 
Thus making use of the flexibility of the delta-delta connection 
involves a sacrifice of symmetry and a reduction in output. 

Graphical and Exact Solution. The 
solutions given above for the division of 
current between the phases of delta- 
delta bank for various values of impe¬ 
dances, although of sufficient accuracy 
for most practical cases, are, however, 
only approximate solutions because they 
assume that the ratios of resistance to 
reactance for the transformers making 
up the bank are alike. 

A simple solution which is exact for 
all values of the ratio resistance to 
reactance, and which gives not only 
the proper values of current division 
but also their vector relations, may 
be graphically obtained.* Referring 
to Fig. 6: 

Construct the impedance triangle AEO and AGD, in which 

AE = (%/R)i = {%IR)2 
OE = (%7X)i = {%IX)2 
AG = k{%IR)z 
DG = k(%IXh 
_ kv-a.i 
kv-a.3 

* For proof of the correctness of this method, see “ Three Phase Representation,” 
by L. F. Blume, General Electric Review, November, 1911, p. 520. 


c 



Fig. 6. —Graphical Solution of 
Current Division in Delta-Delta 
Connection, for Symmetrical 
Three-phase Load—With Two 
Phases Alike. 
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Draw ODf and locate the point N one-third the distance from 0. The 
point N is located on the line Op so that it is one-third of the distance 
from the impedance triangle representing the two identical trans¬ 
formers, and two-thirds away from the impedance triangle representing 
the odd transformer. With N as center, draw the circle passing 
through the point A. Construct the equilateral triangle ACB^ which 
will represent the balanced line currents. Then the currents in the 
individual transformers are correctly given by 

h = OC 
h = OB 
h = OA 


Three Transformers Dissimilar^ Balanced Load on Lines. If the 

percentage impedance and kv-a. ratings of all three phases are dis¬ 
similar, the load division may be calculated as follows: 

Let (% kv-a.)i denote the load in phase 1 in percentage of the 
total load on the lines; (% kv-a.) 2 , the load in phase 2 in percentage 
of the total load on the lines; and similarly (kv-a .)3 the load in phase 3. 


Then, 


(%1 

(%1 

(%1 


liR^ 

+ 

Rt 

± 

O.SSXj + 0.58;!f5) = 


{X, 


X, 

-j-0,5Si?2 

+ 0.58i;,}2 
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+ Ri + Rxy 
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(Xi 

-h 

X2 



/(i^a 
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Ri 

+ 
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(X 3 

+ 

Xi 
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1 




{Rx 

-h i ?2 + Rd)^ 


(Xx 

+ 

X 2 

+ ^ 3)2 


/(-Ri 

+ 

R2 

+ 

O.SSA'i + 0.58X2)2 

+ 

iXx 

H- 

X 2 

+ 0 . 58 Xi 

+ 0.58i?2)2 

/ 




(Rx 

+ 

+ 

(Xx 

+ 

X 2 

+ ^3)2 



In these formulas: * 

1. i?i, i? 2 , Rzj Xx X 2 , X 3 are the resistance and reactance ohms of 
the respective phases. If the kv-a. ratings of the three phases are 
alike, then, {%IR)i may be substituted for {%IX)i for Xi, etc. 
If the kv-a. ratings are also dissimilar, substitution may be made as 
follows: 


For Ri substitute 
For Xi substitute 
For R 2 substitute 
For X 2 substitute 


(7oiR)i 
(Rated kv-a.)i 
{%IX)x 
(Rated kv-a.)i 

{%lR)i 

(Rated kv-a .)2 
{%IX )2 
(Rated kv-a.) 2 * 


etc. 
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That is, resistances and reactances which are substituted in these 
formulas must all be based on the same load. 

2. The upper algebraic signs in these formulas refer to one phase 
rotation, the lower signs to the opposite phase rotation. Load division 
and maximum output of bank are thus dependent also on phase 
rotation. 

Circulating Current in Delta-Delta Bank. When the ratios of 
transformation of the transformers making up a delta-delta bank are 
not exactly alike, the unbalance in voltage, due to ratio difference, 
does not appear in the line, but is consumed by a single-phase circu¬ 
lating current flowing in the delta in both primary and secondary 
windings. The value of circulating current is limited by the impedance 
of the three transformers in series and is expressed by the formula 

where %Ic = circulating current in percentage of the normal load 
current. 

%e = the unbalanced voltage in the delta. This is approx¬ 
imately equal to the maximum difference in voltages 
as determined directly from turn ratios, expressed in 
percentage of phase voltage. 

%IZ = the percentage impedance of one unit, assuming that 
all three units are alike. 

This formula is accurate only when the unbalanced voltage is a 
small percentage of line voltage. 

From the above formula, it is evident that a comparatively small 
off-ratio will cause considerable circulating current. ' For example, 
assuine a bank of three transformers consisting of two having a ratio 
of 10 : 1 and the third having a ratio of 9 : 1. Assuming an impedance 
of 4 per cent per transformer, the circulating current becomes 90 per 
cent or almost full load. If, in addition to this circulating current, 
the bank is delivering full load, the transformer will be considerably 
overheated. Since circulating current cannot be detected by ammeters 
placed in the line, it is evident that they may exist without the knowl¬ 
edge of the operator. Identical transformers operating on different 
taps will produce excessive circulating currents, and it has happened 
that transformers badly overheated or burned out from this cause, 
although the bank was not delivering excessive load. 
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In general, circulating currents are produced in delta-delta cir¬ 
cuits when an unbalanced voltage exists in the delta. Unbalanced 
voltage outside the delta will not produce circulating currents within 
the delta. 

General Proof of the Relations Governing the Division of Current 
in Delta-Delta Connection. The underlying condition which influ¬ 
ences current division in delta-delta connections is the fact that the 
voltages applied across the phases in both primary and secondary are 
the line voltages. As the three line voltages on both primary and 
secondary sides must vectorially total zero, it follows that the three 

primary voltages applied across 
the transformer phases are 
properly represented by three 
vectors forming a triangle. 
Similarly, the secondary term¬ 
inal voltages can also be repre¬ 
sented by three vectors forming 
a triangle. This simple fact, 
taken together with the con¬ 
sideration that, in each phase, 
the difference between the 
primary applied voltages and 
the secondary terminal volt- 
age3 is the volts impedance 
drop in the transformer, brings 
about the result that the 
^vectors representing the three 
impedance drops must also be 
capable of forming a closed 
triangle, and this necessity de¬ 
termines the division of current 
in delta-delta banks under all 
conditions of operation. This principle is used in the following solutions. 

General Solution for Current Division in Delta-Delta Transformer 
Banks. In delta-delta transformer banks the division of load between 
the phases are equal; phase currents are 120° apart and equal to 
57.7 per cent of line current; apparatus economy of the bank is unity 
for only a completely symmetrical arrangement; this requires 

1. Impedances of all three phases, equal. 

2. Kv-a. ratings of all three phases, equal. 

3. Together with a three-phase balanced load* 



Fig. 7.—Graphical Solution of Current 
Division in Delta-Delta Connection for 
Unsymmetrical Three-phase Load, and All 
Phases Different. 
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Any departure from these three conditions introduces dissymmetry, 
of which the more important unsymmetrical cases are: 

1. Unequal ratings, equal percentage impedances, balanced 3-phase 
load. 

2. Equal ratings, unequal percentage impedances, balanced 3-phase 
load. 

3. Unequal ratings, unequal percentage impedances, balanced 
3-phase load. 

4. Equal ratings, equal percentage impedances, unbalanced load. 

5. Unequal ratings, equal percentage impedances, unbalanced load. 

6. Unequal ratings, unequal percentage impedances, unbalanced 
load. 

Various particular solutions have been given previously. An exact 
geometrical solution* of the more general case (Case 6), which may 
be readily applied to any particular case, is given below. 

{7oIR)a _ {7oIR)b _ (7oIR)c 
{%IX)a {%IX)b (%IX)c 

If in Fig. 7 the line currents ABj BC, CA forming the triangle ABC 
are supplied by a delta-delta transformer bank, the currents in the three 
transformer phases are represented by the vectors Lb, Lc which 
are the lines drawn from the corners of the triangle to some point 0 . 
The location of 0 depends entirely upon the relative impedance char¬ 
acteristics of the phases making up the bank. From the impedance 
characteristics determine the ratios a, b, and c, viz. 

_ (%/Z)B(kv-a.)c 
{%IZ) c (kv-a.) B 

^ (%IZ)c(kv-a.)A 
(%/Z)^(kv-a.)c 

^ (%JZ)^(kv-a.)B 
“ (%7Z)s(kv-a.)^ 

Referring to Fig. 7, divide each side of the triangle ABC into two 
parts so that the ratios of the parts are equal to the ratios a, &, c. 
From these dividing points draw lines to the opposite corners. These 
lines intersect at 0, and lines AOj BO, CO correctly represent the cur¬ 
rents flowing in the phases of the delta-delta bank. 

* This geometrical solution is limited to the condition of equal resistance/reactance 
ratios for the three phases making up the transformer hank; that is, 
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In the important particular case of balanced three-phase loads, 
on an unsymmetrical transformer bank, the triangle ABC becomes 
equilateral. By the help of Fig. 8, the transformer currents in per¬ 
centage of line currents can be obtained directly as follows: 

Knowing the impedance ratio 

1 

(%7Z)^ (kv-a.)B ' 

(%7Z)^ (kv-a.)x 


A 



Fig. 8. —Graphical Solution of Current Division in Delta-Delta Connection for 
Symmetrical Three-Phase Load, and All Phases Different. 


Select the corresponding line converging at C and similarly by means 
of the impedance ratio 

_ 1 _ 

(%7Z)c (kv-a.)A ^ 

(%7Z)^ (kv-a.)c 

Select the corresponding line converging at B, 

The intersection of these two lines locate 0, and transformer cur¬ 
rents are AO, BO, CO^ By means of dividers the value of transformer 


+ 1 
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current in percentage of line current can be scaled off on the sides of 
the triangle. 

Open-Delta Connection. By means of the open-delta connection, 
which is a special case of operation with dissimilar transformers, it is 
possible to maintain operation if one phase of a delta-delta bank is 
damaged; see Fig. 9. With single-phase transformers, the damaged 
one is entirely discon¬ 
nected. With delta- 
connected shell-type 
transformers, to oper¬ 
ate in open-delta when 
one phase becomes in¬ 
operative, this phase 
should be disconnected 
from the rest and 
short-circuited on itself 
to prevent the fluxes 
of other phases from 
inducing voltage in the damaged winding. In the three-phase core¬ 
type transformer it is possible to operate open-delta, but only when 
the damaged winding is open-circuited and yet is capable of with¬ 
standing normal voltage. As the current flowing in the transformer 
windings in open-delta connection is the line current, the bank rating 
is reduced by the ratio of normal transformer current to normal 
line current; i.e., to 57 per cent of the delta-delta rating. The 
apparatus economy for the open-delta connection is 57.7/66.6 = 86.6 
per cent. 

Regulation of Open-Delta Banks. The regulation of an open-delta 
bank for a balanced three-phase load is different for the different 
phases, and may be calculated approximately as follows: 

Phase I. % Reg. = P.F. (0.86 X %7R - 0.50 X %7W) + 
R.F. (0.86 X %7X + 0.50%7R) 

Phase II. % Reg. = P.F. (0.86 X %IR + 0.50 X %IX) + 
R.F. (0.86 X %IX - 0.50 X %7R) 

Phase III. % Reg. = P.F. (1.73 X %IR) + R.F. (1.73 X %IX) 

Phase III is the open phase. 

The reactances and resistances are per phase at their single-phase 
load. The balanced three-phase load for which the above regulation 
is figured equals 86 per cent of the rated kv-a. of the two units. The 
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Fig. 9.—Open-Delta Connection, 
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corresponding values of power-factor (P.F.) and reactive factor (R.F.) 
are tabulated below: , 


P.F. 

R.F. 

P.F. 

R.F. 

P.F. 

R.F. 

1.00 

0 

0.85 

0.53 

0.70 

0.71 

0.95 

0.32 

0 80 

0.60 

0.50 

0.87 

0.90 

0.44 

0.75 

0.66 

0 

1.00 


For illustration of the formulas, assume 2 per cent resistance, 10 
per cent reactance, and 70 per cent power factor. 

Substituting these values into the formulas, we have: 


Regulation across Phase I = 4.6 per cent 

Regulation across Phase II = 10.2 per cent 

Regulation across Phase III = 14.7 per cent 


Fig. 10 shows how these regulations vary with power factor. 

If the delta were closed, the regulation at a load 1.73 times the 
preceding load would be 8.5 per cent in all phases. Evidently, unless 

the reactance is quite small, 



the unbalancing of phase 
voltages, due to open-delta 
operation, may be very 
objectionable. 

Simultaneous Double- 
Secondary Loads. Delta- 
delta-connected trans¬ 
formers having 50 per cent 
taps brought out (Fig. 11) 
can supply two loads simul¬ 
taneously, one at 100 per 
cent and the other at 50 per 
cent voltage. When the 
power factors of the two 
loads are alike the curve A 
in Fig. 13 gives the kv-a. 
in each circuit (in percent¬ 
age of the kv-a. rating of 
the transformer bank) that 
can be supplied simultane¬ 
ously without overloading the transformers. Transformers designed 
for this service, in addition to having a 50 per cent tap available, 
must have low reactance between the two halves of the winding 
in order to insure good regulation. 


r.oo 


.70 


.60 


so 


Power Factor of Load 

Fig. 10. —Regulation of Open-Delta Connection 
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Similarly, simultaneous double-secondary loads may be taken from 
the secondaries of an open-delta bank (Fig. 12). For permissible 
kv-a. loads see curve B, Fig. 13. It will be noted that curve A (Fig. 13) 
is convex, whereas curve B is 3. straight line. This is because in the 
delta-delta connection the currents in the windings, due to the two 
loads, are displaced from each 
other by an angle of 60°, whereas 
in the open-delta connection the 
two currents are in phase with 
each other. 

The above assumes that the 
power factors of the two loads 
are alike. The effect of a differ¬ 
ence in power factors of the two 
loads is to reduce the curvature 
of curve A and to introduce an upward curvature in curve B, 

From the standpoint of regulation, the delta-delta arrangement, 
provided the windings halves have been properly interlaced, is much 
to be preferred to open-delta, since the former is symmetrical, and 

therefore the regulation 
in all phases is alike. In 
the open-delta connec¬ 
tion the regulation in 
each of the three phases 
differs widely, the effect 
of which may be an 
appreciable voltage 
distortion in the con¬ 
nected circuits. See 
“ Regulation of Open- 
delta Banks.” 

Simultaneous Loads on Full Winding of Secondary and 50 Per 
Cent Tap of Primary. Sometimes it is desired to supply a second 
load from a 50 per cent tap in the primary winding of a delta-delta or 
open-delta connected transformers, Figs. 14a and 14&. For permis¬ 
sible kv-a. loads see Fig. 14, Curve A being drawn for delta-delta and 
Curve B for open-delta connections. The combined total permissible 
load At for the delta-delta connection is greater than that derivable 
from curve A^ Fig. 13, owing to the fact that the bank acts as an auto¬ 
transformer for one of its loads. 



Fig. 13.—Permissible Load Combinations—for 
Simultaneous Secondary Loads. 



Secondary 

Fig. 11.—Simul¬ 
taneous Secondary 
Loads on Delta- 
Delta Connection. 


Secondary 

Fig. 12. —Simultane¬ 
ous Secondary Loads 
on Open-Delta Con¬ 
nection. 
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Secondary 



Secondary 


Fig. 14.—Permissible Load Combinations for Simultaneous, Secondary and 50 
Per Cent Tap Primary—Curve A .for Delta-Delta Connection (Fig. 14a)—Curve B 
for Open-Delta Connection (Fig. 146) 


Y-Y CONNECTION 

Neutral Instability. The Y-Y connection has been relatively 
unpopular owing to operating difficulties arising from its inherent 
neutral instability: i.e., by the fact that the potential of the physical 
neutral is generally at some other point than the geometric center of 
the voltage triangle, and further by the fact that the neutral potential 
may be greatly affected by the characteristics of the load and other 
circuit conditions. This effect may be so pronounced as to become 
hazardous to the transformers and connected systems, or to interfere 
seriously with the proper operation of the transformers. The Y-Y 
connection, therefore, should be used only where adequate means 
have been provided to prevent or to reduce neutral instability effec¬ 
tively. Neutral instability is the result of the fact that the currents 
flowing in the branches of an isolated Y connection are not independent 
of each other; the current entering one phase must flow out through 
the other two. This restriction generally means that the exciting 
current necessary for the proper location of the neutral cannot 
exactly flow—the consequence is that neutral potential is shifted to an 
unsymmetrical position. Three cases of neutral instability are due to: 
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(1) magnetizing currents; (2) third-harmonic currents; (3) line to 
neutral load. 

Magnetizing Current. It seldom happens that the magnetizing 
currents required for three transformers are exactly alike. Differences 
in the iron, either in quality or in the amount used, accidental dif¬ 
ference in the joints, are sufficient to cause appreciable variations in 
magnetizing currents in transformers of the same design. As the 
Y-Y connection imposes upon the circuit, the condition that the 
currents in the three branches which make up the Y must vectorially 
be equal to zero, it follows that a phase requiring the smaller magne¬ 
tizing current to produce its normal flux has too much magnetizing 
current forced on it by the other phases and the voltage across it 
becomes more than its proportionate share. This applies to single¬ 
phase and three-phase five-legged or shell-type transformers. It does 
not affect the three-phase three-legged core type to an appreciable 
extent, because in such transformers the interlinked magnetic struc¬ 
ture is effective in greatly reducing the magnitude of the unsym¬ 
metrical flux. 

With the transformer neutrals isolated, this residual unbalanced 
neutral voltage may be considered of minimum importance, especially 
as line voltages are not affected thereby. However, if the transformer 
neutral is connected to ground, this dissymmetry is impressed on line 
capacitance to ground, and it is quite possible that it be greatly 
increased. This can occur when the line charging current is compara¬ 
ble to the transformer magnetizing current, or when the connected 
lines happen to be electrostatically unbalanced with respect to ground. 
Either of these causes may shift the neutral seriously and may even 
reverse the voltage on one phase and produce excessive voltages on the 
other phases. 

Unbalanced Loads from Line to Neutral. Y-Y connected trans¬ 
formers, excepting three-phase core-type units, are not capable of 
supplying an appreciable single-phase load from line to neutral without 
a serious shift in the position of the neutral, owing to the fact that the 
corresponding primary currents of such loads, flowing through the 
primaries of the unloaded phases, magnetize them. This statement is 
primarily true for Y-Y connected single-phase units and shell-type 
three-phase units. Core-type units, however, may, on account of the 
interlinking of the magnetic fluxes in the three legs, give tolerably good 
results under conditions of single-phase loads from line to neutral or 
unbalanced electrostatic charging currents. 

Suppression of Third-Harmonic Magnetizing Currents. The 
excitation of Y-connected transformers constitutes a peculiar case in 
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which the third-harmonic magnetizing currents and their multiples 
which are ordinarily required for the proper excitation of transformers 
cannot flow. The third-harfnonic current necessary for sine-wave 
excitation being completely suppressed, the non-linear relationship 
between excitation and flux results in inducing in each phase a third- 
harmonic flux and a corresponding third-harmonic electromotive force. 
In single-phase transformers this voltage is approximately equal to 
50 per cent of leg voltage. It can be easily and directly measured by a 
voltmeter, on the secondaries of a Y-excited transformer bank, by 
connecting the secondaries as if for delta operation with the exception 
that one corner of the delta is left open, and a voltmeter connected 
across the opening. With this arrangement, the induced fundamental 
frequency voltage in the secondary winding vectorially adds to zero 
and therefore no fundamental frequency voltage is impressed across 
the voltmeter. On the other hand, third-harmonic voltages induced 
in each leg being all equal and in phase with each other, three times 
this voltage is impressed across the voltmeter. Under these condi¬ 
tions, with single-phase transformers excited with fairly high magnetic 
densities, the voltmeter should indicate approximately 150 per cent of 
normal phase voltage. 

The combination of single-phase and third-harmonic flux induces 
in each phase a distorted voltage, so that a voltmeter connected 
between the terminals of each transformer indicates approximately 
Vi + J or 112 per cent of the normal effective value. The relation 
between the third-harmonic and fundamental voltages is such that the 
resultant complex wave is peaked, the maximum crest value of the 
induced voltage being increased 50 per cent, and thus the voltage 
stress on the insulation is also increased 50 per cent above its normal 
value. 

Effect of Circuit Connections on Third-Harmonic Phenomena. 

Third-harmonic phenomena are very much influenced by whether the 
neutral is connected to ground and the amount of connected line 
capacitance. The following are the more important combinations. 

Transformer Neutral Isolated, (a) With line-to-ground capacitance 
much greater than transformer-winding capacitance to ground, the 
entire third-harmonic voltage appears between transformer neutral 
and ground. Under this condition the third harmonic is contained 
entirely within the transformer and is entirely harmless. 

ib) For very short line connection in which the line-to-ground 
capacitance is of the same order as transformer-winding capacitance 
to ground, third-harmonic voltage is divided inversely as the respective 
capacitances. For example, with line capacitance to ground equal to 
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twice transformer-winding capacitance to ground, 66 per cent of the 
third-harmonic potential will appear from transformer neutral to 
ground, and 33 per cent of third-harmonic potential will appear from 
lines to ground. 

Transformer Neutral Grounded, {c) If the neutral is grounded and 
the circuit is not connected to a line or connected to a line with negligi¬ 
ble line capacitance, the entire third-harmonic potential appears 
between line and ground. This means that the three-phase terminals 
of the transformer winding are raised to a single-phase potential above 
ground equal to the third-harmonic voltage. 

{d) When the transformer is connected to a system with appreciable 
line capacitance to ground, the third-harmonic voltage is impressed 
on the circuit consisting of the line capacitance to ground in series 
with the open-circuit triple harmonic inductance of the transformer 
winding. The third-harmonic current which will flow in this circuit 
and the inductive effect of these currents will depend upon the ratio 
of the capacitive reactance of the circuit to the magnetizing reactance 
of the transformer. Three cases may be cited. 

1. When the magnetizing reactance is less than the capacitive 
reactance, the effect of the line capacitance is to increase the inherent 
third-harmonic voltages above the original value. 

2. When the capacitive reactance is small compared to the induc¬ 
tive reactance, that is, with relatively large capacitance or relatively 
long lines, the inherent third-harmonic voltage is short-circuited by the 
line capacitance to ground and a third-harmonic current flows which 
is equal to that normally required for sine-wave-voltage excitation. 

3. When the capacitive and inductive reactance are about equal, 
which is the critical condition of resonance, the third-harmonic voltage 
may rise to very dangerous values. As much as three times normal 
induced phase voltage has been observed under these conditions. 
Both the current and the voltage waves are greatly distorted, and the 
voltage stresses from line to ground may rise to such values as to arc- 
over the insulators, or cause a winding failure within the transformer. 

From the above, it appears that the most dangerous arrangement 
is to have a transformer neutral connected to ground and a sufficient 
length of line connected so that resonance between line capacitance to 
ground, and the open-circuit inductance of the transformer, is estab¬ 
lished. 

There are several methods by which this danger may be eliminated 
without disconnecting the transformer neutral from ground. 

1. In the case where the primary lines exciting the transformer are 
connected directly to a generator, if the neutral of the generator is 
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connected to the ground; or better still, if the generator neutral is 
connected by metallic conductor to the primary neutral of the trans¬ 
former, harmonic voltages wifi practically disappear owing to the fact 
that the third-harmonic currents for sine-wave excitation are furnished 
through the connected neutrals. This arrangement is equivalent to 
each phase receiving independently single-phase excitation. 

2. If the primary neutral of the Y-Y transformer bank is isolated 
and the secondary neutral is grounded, the danger from third-harmonic 
potentials may be avoided by connecting to the secondary lines either 
Y-delta transformer bank or a zigzag auto-transformer, the neutrals of 
which are connected to ground. Either of these will reduce the third- 
harmonic potential to negligible values by providing through the 
ground a path for the third-harmonic magnetizing currents necessary 
for the sinusoidal excitation of the Y-Y bank. The Y-delta trans¬ 
former bank may be a special transformer provided for this purpose, 
or it may be the step-down transformer at the end of the line. In all 
these cases the third-harmonic magnetizing current is a single-phase 
current flowing in one direction in the lines and returning through the 
neutral, and therefore the possibility of telephone interference should 
be taken into consideration. • 

Y-Y Connection—Three-Phase Core-type Units. Although not 
entirely eliminated, most of the disadvantages of the Y-Y connection 
are avoided if the core is made three-phase core-type. On account of 
the magnetic coupling between the threS phases, the third-harmonic 

residual is very greatly reduced and also 
the neutral is appreciably stabilized. This 
is because the third-harmonic flux which 
must be present to produce a third-har¬ 
monic voltage flows in the same direction 
in the three phases and returns from one 
yoke to the other through the surrounding 
non-magnetic path as diagrammatically 
shown in Fig. 1. This must be so because 
these fluxes are all in phase with one 
another. As the return circuit for the flux 
is a high-reluctance path, the resulting flux 
is very much less than in single-phase units 
or in three-phase shell-type units, in both 
of which a closed iron path is available for the third-harmonic flux. 
The effect of the high-reluctance path is to reduce the inherent 
third-harmonic flux in three-phase core-type transformers to approxi¬ 
mately from 2 to 5 per cent of the fundamental voltage, depending 



Fig. 1. —Three-phase Core, 
Showing Distribution of 
Triple Frequency Flux. 
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upon magnetic density as against from 30 to 70 per cent appearing 
in single-phase units. 

Similarly, any unbalanced normal frequency flux must return from 
yoke to yoke in the non-magnetic path surrounding the transformer, 
and So, by virtue of the high reluctance of this path, unbalanced flux 
and voltage corresponding are greatly reduced. The direct consequence 
is greater stability of the neutral than in either single-phase or three- 
phase shell-type units. On this account it is even possible to take a 
moderate load from line to neutral without undue unbalancing of phase 
voltage. A single-phase load from one line to neutral equal to 10 per 
cent of the total three-phase rating can be taken from a three-phase 
core-type unit without causing an excessive neutral shift. 



Fig. 2. —Connection for De¬ 
termining Zero-Phase Se¬ 
quence Impedance Drop of 
a Three-phase Core-Type 
Transformer. 


Fig. 3. —Distribution of Line to 
Neutral Current in a YY Connected 
Three-phase Core-Type Transformer. 
The Number of Arrows Indicate the 
Ampere-Turn Distribution. 


Referring to Fig. 3, a single-phase load I results in primary current 
equal to f / in the loaded phase and in each of the unloaded phases, 
thus each phase carries an unneutralized current equal to 7/3, which is 
effective in establishing an interphase flux. Interphase or zero-phase- 
sequence reactance {%IX)o is readily measured by using connection 
Fig. 2, in which the three primary phases are connected in parallel, 
and secondary open-circuited. The primary voltage required to force 
three times phase current through the combined primary windings 
measures the interphase or zero-phase-sequence impedance. 

The percentage neutral shift (which is the reactance drop in the 
unloaded phases) for any single phase load %I is in quadrature with 
the load current, and its value expressed in percentage of normal 
leg voltage is equal to 

% Neutral shift = %IXo 
where %I = single-phase load in percentage of full load. 






























190 


TRANSFORMER CONNECTIONS—Y-Y 


%IXo = zero-phase-sequence reactance drops in percentage of 
normal phase voltage, obtained by means of connec¬ 
tion shown in Fig. 2 with rated current in each of the 
excited coils. 

The reactance drop in the loaded phase due to normal primary to 
secondary reactance is equal to 


2 %/ 

300 


i%IX) 



%IX = primary to secondary reactance drop at rated load in 
percentage of rated voltage. 

The sum of these expressions gives the total reactance drop in the 
loaded phase. The voltage vector diagram, Fig. 3a, shows the effect 
of primary to secondary reactance and interphase reactance on both 

primary and secondary voltages. 
In this 00' is the neutral shift 
caused by interphase reactance and 
BB^ the normal primary to second* 
ary reactance. The interphase re¬ 
actance may be assumed to be about 
85 per cent when more definite data 
are not available. The regulation 
of the loaded phases can be calcu¬ 
lated by substituting the reactance 
drop in the standard formula for 
regulation. 

Interconnected Star or Zigzag 
Connection. By means of the inter¬ 
connected star winding, an inher¬ 
ently stable neutral can be derived, 
permitting single-phase line to 
neutral loads, free from harmonic 
residuals. Thus in the Y-zigzag connection (Fig. 7, p. 214), line- 
to-neutral zigzag load current is properly balanced by the cur¬ 
rents flowing in two phases of the primary Y—and therefore this con¬ 
nection possesses normal reactance for line-to-zigzag neutral loads. 
In the zigzag-Y connection (Fig. 7a, p. 214), a line to Y neutral load 
cannot be properly balanced in the primary zigzag connection, and a 
tertiary delta is necessary to obtain the required balance. Thus, by 
means of the zigzag connection, the neutral of the zigzag only is 
stabilized, but not the Y neutral. 


Fig. 3a. Voltage Distortion in a YY 
Connected Three-phase Core Type 
Transformer Due to Single Phase 
Line to Neutral Load—Showing the 
Combined Influence of Primary to 
Secondary Reactance, and Zero Phase 
Sequence Reactance. 
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Resume of Methods of Eliminating Third-Harmonic Flux. Third- 
harmonic flux and its induced voltage are greatly reduced and prac¬ 
tically eliminated under the following conditions: 

Case 1. In three phase core type transformers the interlinking due 
to the three-phase cores is in effect equivalent to a high-reactance 
tertiary delta winding. 

Case 2. When the primary neutral is permanently connected to 
the generator neutral. As a solid low-resistance connection to the 
generator neutral reduces the third-harmonic voltage to a negligible 
value, this connection is satisfactory, except for possible telephone 
interference due to harmonics in the generator wave, which harmonics 
are provided with a direct path to the high-tension line by this con¬ 
nection. 

Case 3. When transformer is provided with tertiary delta winding. 
With a low-reactance tertiary delta the operating characteristics are 
superior to either Case 1 or 2, since the transformers then operate as 
a Y-delta transformer. 

Case 4. Y-diametric connection for operating rotary converters. 
The connection with the armature of the rotary permits the circulation 
of the third-harmonic current and thus reduces the third-harmonic 
voltage to a negligible value. 

Case 5. Y-Y connection in single-phase and shell-type three-phase 
units when operating with neutral isolated contains a 50 per cent third- 
harmonic voltage, which adds to the insulation stress in the windings. 
When sufficient insulation is provided to care for this extra stress there 
is no objectjon to such operation since the third-harmonic voltage 
exists between neutral and ground and does not appear in the line. 

Case 6. Y-Y connection with grounded neutral accompanied by a 
Y-delta or zigzag transformer bank with grounded neutral to permit 
circulation of third-harmonic current. This connection is effective 
in reducing the third-harmonic voltage to small values, but has the 
objection that in the event of disconnecting the Y-delta or zigzag 
bank the connection reduces to that of Case 7. 

Case 7. Y-Y connection with grounded neutral in single-phase and 
shell-type three-phase units. This connection is dangerous on account 
of the possibility of resonance in the third harmonic with the line 
capacitance. It should never be used. 

Interconnected Star Grounding Transformer, The stable neutral, 
inherent in the zigzag connection, has made possible its use as a 
grounding transformer for otherwise isolated systems. The intercon¬ 
nection of the phases by which this is accomplished is shown in Fig. 4a, 
together with the resulting voltage vector diagram 4&. For a line-to- 












192 


TRANSFORMER CONNECTIONS—Y-Y 


neutral load or a line fault, the resulting currents flowing in the 
windings are indicated by the arrows in Fig. 4a. The six coil currents 
are all equal to each other, Snd to one-third of the ground current. 
As the coil currents in the upper and lower coils are not only equal but 
opposite, their combined magnetic effect is the leakage reactance 


B 




N 



Fig. 4.—Interconnected Star Grounding Transformer, a. Current distribution in 
coils for single-phase line to neutral load. b. Normal voltage on coils, c, d. Voltage 
distortion due to single-phase line fault, assuming generator impedance negligible in 
comparison with impedance of grounding transformer. 

between the two coils. With a dead ground on one of the lines, a 
short-circuit current flows in every coil equal to 

r 173X7 

' %7Z 

where I = rated current of the coils. 

%7Z = impedance between coils, calculated for the rated current I 
and expressed in percentage of the normal coil voltage (one-third of 
the line voltage). Assume one coil, such as ai, as primary, and the 
other coil a 2 as secondary. 
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The current in the short circuit, that is, from line fault to neutral, 
is 3/s. The formula assumes that the shortcircuit current is limited 
only by the internal impedance of the auto-transformer, and under 
these conditions the coil voltages become distorted as follows: Assum¬ 
ing a fault on line voltage BN collapses and the potential of neutral 
N coincides with line potential B, The voltage impressed on the 
ungrounded lines A and C to ground becomes AB and CB. An idea 
of the voltage distortion of the coils, can be derived from the voltage 
equation. Ground on line B results in the following vector voltage 
relationships as derived from Fig. 4a: 

a2 — Cl = NC 
b2 — ai = NA 

C2 — &1 = 0 

The voltage equations for the coils on each core expressing the fact 
that the vector difference between the terminal voltage of each coil 
equals the impedance drop: 

a2 — cii = 7Z 
&2 — bi = IZ 
C2 — Cl = IZ 

which means that the impedance drop in all three phases are identical. 
Both vector diagrams Fig. Ac and Ad have been drawn to satisfy the 
above six equations; the impedance drops IZ being equal to NOj the 
voltage of th^ faulted phase. A comparison of Fig. Ac and Ad indicates 
that the potential location of the knees of the zigzag is not completely 
determined by the conditions given. The equations merely require 
that the potential dislocation of their knees from normal as given in 
Fig. Ab must all be numerically equal and parallel to each other, as is 
shown by the dotted lines in Figs. Ac and Ad. 

Assume now that the impedance of the grounding transformer is 
negligible compared with that of the generator.* The short-circuit 
current then equals 



where /« and I are as defined above, but percent IZq is now the impe¬ 
dance per leg of the generator for the assumed current I and expressed 

• In this discussion the term “generator impedance” includes all series impedance 
between the grounding transformer and the source of power. 
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in percentage of the leg voltage. The voltage diagram is as shown in 
Fig. 5a. The voltage stress on the lines A and C, instead of being 
increased by a ground on liAe is actually reduced to 86.6 per cent 
of its normal value. 

The equation may also be written in the form 


173/ 

3.46 X %IZg 


It will be observed that the generator impedance is 3.46 times as 
effective as the autotransformer impedance, and, therefore, taking 



Fig. S, —Voltage Distortion in Interconnected Star Grounding Transformer Resulting 
from Single-phase Line Fault, a. Impedance of grounding transformer negligible. 
b. Showing combined effect of impedances of grounding transformer and 

generator. 


both impedances into consideration* the equation for the short-circuit 
current per phase becomes 


173/ 

%IZ + 3.46 X %IZ 


To the generator impedance should also be added the line impe¬ 
dance if the latter is considerable. The voltage diagram is shown in 
Fig. S&. (In the treatment of single-phase short circuits by the method 
of symmetrical components, positive-, negative-, and zero-sequence 
impedances are involved. The system impedance to be substituted 
in the equations of this discussion is the average of positive- and nega¬ 
tive-sequence impedances when the system is otherwise isolated, and 
the average of positive-, negative-, and zero-sequence impedances 
when the system is otherwise grounded.) In this diagram the impe- 
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dance drop due to the generator in the faulted phase is BoN[ its 
value expressed in percentage of leg voltage is 

2j%IZo 

By means of this expression the location of B is determined. As the 
current in the unfaulted generator phases is one-half that in the 
faulted phase it follows 

AAo = CCo = ^BoN 

The shift of system neutral may now be determined taking into 
account both the generator and the grounding-transformer impedances. 
Expressing it in percentage of leg voltage and relative to terminal 
voltage of the unfaulted phase, it is 

100 - BoN - AAo 
or 

100 - 3 j % IZo 

From the preceding four equations the following values may be 
derived: 

The neutral shift is positive and increases the line stresses when 
%IX is greater than 1.73 X %IXg. 

The neutral shift is zero, and the line voltage stresses are unaffected 
by line grounds, when %IX = 1.73 X %IXq. 

The neutral shift is negative and decreases the line stresses when 
%IX is less than 1.73 X %IXq. 

The generator and grounding transformer impedances must of 
course be based on the same current. This point is important to 
remember when the generator and the bank of grounding auto¬ 
transformers have different kv-a. ratings. 

When the generator impedance is zero, the neutral shift is 100 per 
cent or equal to the leg voltage (Fig. ^d). When the grounding trans- 
ijbrmer impedance is zero, the neutral shift, by the formula, is —50 per 
cent, that is, it is in the opposite direction and reduces the line stresses, 
as checked by Fig. 5a. 

j Example. Assume a 10,000 kv-a. bank of step-up transformers (corresponding 
to the generator in the foregoing discussion), with a normal impedance of 7 per cent 
at its rated load, grounded by a zigzag-connected transformer nominally rated 
2500 kv-a. with an impedance of 10 per cent at its rated load, i.e., at 2500 kv-a. load. 
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Before these impedances can be substituted in the formulas, they must be reduced 
to the same load basis. Assume the transformer rating for a basis, then the impedance 
of the step-up transformers is only 


7 X 2500 
Per cent IXg = —= 1.75 


The short-circuit current, It = 


10,000 

173/ 


10 + 3.46 X 1.75 


= 10.8 times normal rated cur¬ 


rent of the auto-transformers. 


Per cent neutral shift = 100 — 3 X 10.8 X 1.75 = 43.5. 


As the zigzag grounding transformer consists of six equal windings 
each designed for one-third of line voltage and designed to carry short- 
circuit current the total short-circuit volt-amperes associated with 

* E 

the transformer is 6 —Is = 2EIt when R is line voltage. This value is 

57.5 per cent of that for the Y delta grounding transformer for the 
same performance. 

Y-DELTA CONNECTION 

General Considerations. Possibly the Y-delta and delta-Y con¬ 
nections are freer from objectionable features than any other three- 
phase connection. The presence of the delta eliminates the third- 
harmonic-voltage difficulties associated with Y-connections; it also 
stabilizes the neutral, thereby permitting the use of such connections 
for single-phase loads from line to neutral. The neutral may be used 
for grounding the system. The presence of the Y determines the 
division of current among the phases, independent of the values of 
impedance. Therefore units of widely different impedances may be 
used to form a Y-delta bank without appreciably affecting the current 
division. Furthermore, there is no danger of excessive circulating 
currents in the delta, even though the ratios are not the same, for 
these currents cannot be reproduced in the Y and therefore they are 
magnetizing currents and necessarily very small. It follows that the 
individual phases making up a Y-delta transformer bank may differ 
considerably from one another. 

On the other hand, this connection prescribes that all the phases 
of the bank should be equal in kv-a. rating for balanced three-phase 
loads if the bank is to deliver a load equal to the bank rating. When 
the kv-a. ratings of the individual phases are unequal, the maximum 
safe output of the bank is equal to 3 times the rated kv-a. of the 
smallest transformer. A direct result of this limitation is that a 
disabled transformer renders a delta-Y or Y-delta bank inoperative. 


EMERGENCY OPERATION OF A DELTA-Y BANK 
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When a spare transformer is not available, operation must be dis¬ 
continued until repairs can be made, unless the circuit can be adjusted 
as follows: 

Emergency Operation of a Delta-Y Bank. Where power is trans¬ 
mitted with a delta-Y step-up and a Y-delta step-down bank, service 
may be maintained at reduced load, when one phase is disabled, by 
connecting the neutrals together either through ground or, preferably, 
through a copper conductor. In Fig. 1 this arrangement is shown in 
the case of a failure in the step-up bank and for a load on the high 
voltage side. In Fig. 2 the same arrangement is shown, with the 




Current Values 

Load 1.2.3 = .5571 

Lines 4.5 = I 

Ground 8 =1.731 

Transformer Stept Down = .6571 
Transformer Stept Up = 1 
Ku-a Transmitted = 1.73El 


Fig. 1 —Emergency Operation of Delta- Y Bank Load on Primary Side of 
Step-down Transformer. 

exception that the load is on the secondary side of the step-down 
transformer. In both figures the neutral is obliged to carry an exces¬ 
sive current. It should be noted that although this connection delivers 
lliree-phase symmetrical currents to a three-phase symmetrical load, 
I lie currents flowing in the high-voltage circuit are not equal nor 120° 
apart. The values and phase relations of the high-voltage line currents 
arc shown in the accompanying vector diagrams. 

The maximum safe output of the bank operating in this manner is 
58 per cent of that of the original Y-delta ^^fl^,The system is grossly 
unbalanced, both electrostatically and elecSfcS^fagneticalJy^ Consid- 



Current Vector Diagram 
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Current Vector Diagram 



Current Values 

^Linea ^h3 - i —Emergency Operation of Delta-Y 

Ground * = '^■'^31 Bank Load on Secondary Side of Step- 

Ku-a Transmitted - 1.73El down Transformer. 


erable telephone interference may therefore be expected from such 
operation if the neutrals are connected through ground. 

Use of a Y-Delta Transformer Bank to Ground Neutral of System. 
Grounded neutral power systems generally connect to ground through 
the neutral of a step-up delta-Y bank, located at the generating station. 
Sometimes a Y-delta step-down transformer is used for this purpose, 
and when the neutrals of both step-up and step-down power trans¬ 
formers are unavailable for grounding, as when both banks are delta- 
delta connected, a special Y-delta grounding transformer may be 
added, the sole purpose of which is to provide a neutral for grounding 
purposes. The resulting current distribution and voltage distortion, 
in the event of a line fault to ground, differs considerably, depending 
upon whether the neutral of the step-up transformers at the generating 
plant or the neutral of the step-down transformer is grounded. 

The distribution of fault current and the calculation of its value 
is quite obvious, where the system is grounded through the neutral 
of the step-up transformer bank (Fig. 3), but by no means obvious 



Fig. 3.—Grounding System by Means of Neutral of Step-up Transformer, c. Current 
distribution for single-phase line fault, h. Voltage distortion at fault. 


when the step-down bank or auxiliary bank is used for grounding 
purposes (Fig. 4). Assuming that the fault currents are limited only 
by the impedance of the transformer bank used for grounding the 
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neutral, the short-circuit currents flowing in the windings are for both 
cases equal to 

100 / 

~ %IZ 

where Is = short-circuit current flowing in the grounding transformer. 
I = rated current per phase of grounding transformer. 

%IZ = percentage impedance of the grounding transformer. 


In the case of the step-down bank (Fig. 4), the delta winding 
serves to interconnect the three phases, so that, in effect, all are short- 
circuited by the fault, the short-circuit current Is flowing in all wind- 



Fig. 4.—Grounding System by Means of Neutral of Step-down Transformer, or 
Auxiliary Grounding Transformer, a. Current distribution for single-phase line fault, 
h. Voltage distortion at fault. 


ings. How this is brought about is shown in Fig. 4a, in which the 
vector voltages (solid line) of the transformer for the duration of the 
fault are shown. The Y-voltages are disturbed, so that two phases 
have impressed on them, line to line voltages a and c, and the phase 
corresponding to the fault, being short-circuited, the impressed voltage 
is zero. On the other hand, the voltages in the delta are unaffected 
by the short-circuit conditions.* It will be noted that the primary 
and secondary voltages (assuming a 1 : 1 ratio) are not equal or in 
phase; but for each phase the vector difference between the primary 
terminal and secondary terminal voltages (Fig. 4a) equals BO the 
normal voltage of the short-circuit phase. 

a — = BO 

c - = BO 

V = BO 

* Strictly, this statement holds only when the resistances of the transformer 
windings are negligible compared to reactance. This assumption is valid for power 
Iransformcrs. 
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As the vector difference between the primary and secondary ter¬ 
minal voltages is the impedance drop of the transformer, it follows 
that a current in accordance with the above equation, is flowing in 
all six of the transformer windings. 

From Fig. 4, in which the distribution of the current is shown, it is 
evident that the current in the fault is 3Ia and in the line between 
step-up transformer to the fault 21^. It should be noted that, as the 
two transformer phases a and c are overexcited by 73 per cent, exces¬ 
sive exciting currents must flow, which may appreciably increase the 
value of the current in these phases. 

In the preceding discussion the line impedance and impedance of 
the step-up transformer are neglected. Taking this also into account, 
the short-circuit current flowing as a result of one line fault to ground 
may be determined by the following formula, derived by inspection of 
Fig. 4. 

100 J 

• " 2%IZa + %IZ 

where = short-circuit current flowing in the phases of the grounding 
transformer. • 

I = rated current of the grounding transformer. 

%IZ = percentage impedance of the grounding transformer. 

%IZq — series impedance of circuit between fault and source of 
power, including step-up transformer and generator. 
As the drop in the faulted line between fault and step-, 
down transformer is negative, it is neutralized by the 
positive drop in the two return lines. 

It is worthwhile noting that this equation is identical to the cor¬ 
responding one ^ derived previously for the Interconnected Star 
Grounding Transformer. 

For a given short-circuit current, the shift of neutral and the 
increase in the line stresses are the same regardless of whether the 
grounding unit is connected zigzag or Y-delta. 

As the Y-delta grounding transformer consists of three primary 
Y-connected windings, each designed for 57.7 per cent of line voltage 
and to carry short-circuit current 7^, together with a tertiary delta 
winding carrying an equal amount of volt-amperes, the total volt- 
amperes associated with the transformer is 6 X 0.577E/, = 3,46F)/„ 
where E is line voltage. This value is 1.73 times as great as that for 
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the grounding zigzag transformer for the same performance. Therefore 
the zigzag winding is preferred unless the tertiary delta winding is 
needed for other purposes. 

In the design and operation of grounding transformers, consider¬ 
ation should be given to the fact that they will be subjected to short- 
circuit currents more frequently than other power transformers. 
Furthermore, when the grounding transformer has a small rating as 
compared with system rating, the maximum short-circuit current 
resulting from a line ground flowing in the system is not nearly as 
severe an overload on the system as on the grounding transformer, 
and the tendency is to allow these currents to flow for longer periods. 
Both these considerations must be kept in mind in the design and 
operation of grounding transformers. 

Magnetizing Current in Y-Delta Banks. Under Y-Y trans¬ 
formers, it was pointed out that any inequality in magnetomotive 
force requirements of the three phases causes a distortion of phase 
voltages. In a Y-delta transformer, the distortion cannot exist on 
account of the inherent voltage stability of the delta. With excitation 
on the Y side a single-phase magnetizing current circulates in the delta 
of a value sufficient to prevent voltage distortion. In a similar way, 
the third-harmonic component (and its multiples) of the exciting cur¬ 
rent circulate around the delta. Thus, these two causes of voltage 
distortion are eliminated in Y-delta connected transformers. 

Use of Y-Delta Bank to Supply Third-Harmonic Magnetizing 
Current. A Y-delta transformer bank may also be used to supply a 
Y-Y bank with the necessary third-harmonic component of magnetiz¬ 
ing current to eliminate third-harmonic voltage. For this purpose, 
the neutrals of the two transformers must be connected together, 
either directly or through ground, to permit the flow of the third- 
harmonic current, as indicated in Fig. 5. Since the third-harmonic 



Fig. 5. Y-D6lta Transformei* Connection to Supply Third-Harmonic Magnetizing 
Currents to a Y-Y Transformer Bank. 


magnetizing current for ordinary operating conditions is generally 
about 50 per cent of the exciting current, the size of the Y-delta bank 
required for this purpose is relatively small. A kv-a. rating of 10 per 
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cent of the Y-Y bank should be ample, although before operating in 
this manner it is necessary to be sure that no other burdens will be 
placed on this bank. 

For example, if the phases of the Y-Y bank are not exactly identi¬ 
cal, a residual 60-cycle current will be circulated between the Y-delta 
bank, and the Y-Y bank equal to the difference in the magnetizing 
currents of the three phases. If the neutral is grounded, any corona 
on the lines will result in considerable third-harmonic current residuals 
in the ground which may be supplied by the Y-delta bank. Further¬ 
more, if the neutral is grounded, the Y-delta bank acts as a grounding 
transformer, a line ground results in a short-circuit current flowing on 
both Y and delta, and it is necessary to provide ample current capacity 
in order to prevent overheating. The size of the Y-delta bank in this 
case depends upon the amount of inherent reactance within the trans¬ 
former and how long this current is likely to be maintained. 

Of course a Y-delta transformer if properly connected can simul¬ 
taneously deliver power and supply third-harmonic current. As the 
harmonic currents flowing in the lines between the two transformers 
are large, there may be telephone interference when the transformers 
are far apart. 

It is evident, from the various characteristics of the Y-delta trans¬ 
former which has just been described and illustrated in the various 
figures, that the high-voltage neutral of a Y-delta step-down trans¬ 
former bank should never be grounded without giving careful con¬ 
sideration to the possibility of residual ground currents arising in the 
high-voltage system circulating in both primary and secondary wind¬ 
ings of the transformer. 

Residual Third-Harmonic Volfage in Y-Delta Transformers. 

Although, for most practical purposes, it may be assumed that in the 
Y-delta transformer connection third-harmonic voltages are elimi¬ 
nated, nevertheless there remains a small third-harmonic residual 
which, under certain conditions, may be the cause of surprisingly large 
third-harmonic ground currents. It is desirable to be able to calculate 
the value of this residual. 

The fundamental cause of third harmonics in transformers is 
that the reluctance of the magnetic path is a non-linear function of the 
flux density. Therefore, the exciting current required for normal 
sine-wave excitation includes prominent harmonics, of which, in this 
discussion, we are concerned only with the third. Because a third- 
harmonic current is required to overcome the reluctance of the core, it 
may be proper to speak of the "third-harmonic reluctance " of the core. 
This third-harmonic reluctance is distributed throughout the whole 
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length of the core, consuming third-harmonic ampere-turns at every 
point along the magnetic path. 

As delta windings, however, are distributed over only a fraction of 
the magnetic circuit (the core legs), this fraction varying from 30 to 
80 per cent, the harmonic-exciting ampere-turns are concentrated in a 
fraction of the magnetic circuit. Yet they should oppose and neutralize 
the third-harmonic reluctance which is distributed uniformly through¬ 
out the magnetic circuit. 

The resulting unbalanced relation between the third-harmonic 
ampere-turns in the delta winding and the opposing third-harmonic 
reluctance in the core causes a third-harmonic magnetomotive force 
across the space from one end of the delta winding in each phase to the 
other. This magnetomotive force is proportional to the third-har¬ 
monic reluctance of the uncovered portion of the magnetic circuit. 
Therefore, a third-harmonic flux proportional to this third-harmonic 
reluctance is established through the space between the ends of the 
delta winding. This flux induces in the Y-connected circuit a voltage, 
the value of which depends upon the reactance between the two 
windings. 

Therefore, the residual third-harmonic voltage in a Y-delta trans¬ 
former is directly proportional to the fraction of the magnetic circuit 
not covered by the delta winding, and to the reactance between 
windings. We may write: 

%R=fX %h X %IX, 
where %R residual third harmonic voltage. 

%h = harmonic exciting current. 

/ = fraction of magnetic circuit not covered by delta wind¬ 
ing. 

%IX = reactance between windings. 


Thus, if the normal third-harmonic magnetizing current is 3 per 
cent, transformer reactance 10 per cent, and the fraction of core not 
covered by delta winding 50 per cent, the residual third-harmonic 
voltage is equal to the product of these values; that is, 0.15 per cent. 
In a three-phase transformer for 150,000 volts, with the above con¬ 
stants, the third-harmonic residual is 130 volts. 

Use of Delta-Y Transformer to Supply a Single-Phase Line to 
Neutral Load, Especially in Distribution Circuits. In a delta-Y trans¬ 
former bank single-phase loads can be supplied not only between lines 
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on either side, but also between line and neutral on the Y side. For 
this reason the connection is very useful in distribution circuits, where 
a three-phase power load arfd simultaneously a single-phase lighting 
load at a lower voltage are desired. For example, three-phase, 220- 
volt motors and single-phase 125-volt lighting circuits may be supplied 
from the same bank. See also the chapter on single-phase loads on 
three-phase systems. 


Y-Y/DELTA CONNECTIONS 

Delta-connected tertiary windings may be used in Y-Y-connected 
transformers for any of the following purposes: 

A. To protect the transformer and system from excessive third- 
harmonic potentials. 

B. To prevent telephone interference due to third-harmonic cur¬ 
rents in the lines and ground. 

C. To stabilize the neutral of the fundamental frequency voltages. 

D. To supply a load in addition to any of the above purposes. 

Third-Harmonic Potential Stresses. To protect the transformer 
and system from excessive third-harmonic potential stresses, low 
reactance between the major winding and the tertiary is not necessary. 
Therefore, the tertiary winding may be designed to carry only the third- 
harmonic magnetizing current, and the reactance between the primary 
and the tertiary should then be high enough to limit to a safe value 
the circulating current that would be produced in the tertiary by a line- 
to-neutral short circuit. The neutral may either be grounded or 
isolated, but the tertiary winding is fnore necessary for grounded sys¬ 
tems as in these there is a possibility of the third-harmonic voltage 
being intensified by resonance with the line capacitance to ground. 

■ A tertiary winding is not necessary for this purpose when a three- 
phase core-type unit is used. 

Telephone Interference Due to Third-Harmonic Ground Currents. 

Telephone interference for a given parallel telephone circuit is pro¬ 
portional to the ampere-miles of ground current which is only indirectly 
a function of the third-harmonic residual voltages. Thus, it is possible 
that with a low-impedance ground, a three-phase core-type trans¬ 
former with a 3 per cent residual voltage will produce practically as 
much unbalanced ground current as a bank of single-phase trans¬ 
formers with a 50 per cent inherent third-harmonic voltage. 

A properly designed tertiary winding may, therefore, be essential 
in order to eliminate these disturbances, even in a three-phase core¬ 
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type transformer. When a tertiary is used, the third-harmonic ground 
current is not entirely eliminated but is divided between the tertiary 
and the primary winding, the division being dependent upon (1) the 
reactance between tertiary and primary, (2) the impedance of the 
ground, (3) the arrangement of the windings with respect to the core. 

To Stabilize the Neutral of the Fundamental-Frequency Voltages. 
In general, to stabilize the neutral, low reactance between primary and 
tertiary windings is essential, the stability being inversely proportional 
to this reactance. The degree of stability required depends upon the 
purpose for which the neutral is to be used. 

1. If the tertiary winding is intended to stabilize the neutral when 
a single-phase load is taken from the line to neutral or under condi¬ 
tions of unbalanced loads on a four-wire three-phase system, the load 
in each phase of the tertiary is equal to one-third of the single-phase or 
unbalanced load, and at this load the reactance drop between primary 
and tertiary should not be excessive. 

If the unbalanced load is only a small fraction of the transformer 
rating, a three-phase core-type unit may be used without a tertiary 
winding, provided that the reactance drop is not excessive, as calculated 
by formulas given in the section on Y-Y connection. 

2. If the tertiary winding is intended to hold a stable grounded 
neutral on an otherwise isolated system, then: 

(a) The reactance should be as low as possible and the tertiary 
winding should be capable of withstanding the short-circuit current 
which will be limited only by the impedance of the generating system 
if it is desired to limit the shifting of the neutral to a minimum. This 
requires that the tertiary (as well as the main windings of the step-down 
transformer) have the same short-circuit current capacity as that of 
the step-up bank. 

(b) If, however, the tertiary winding is required to draw only a 
sufficient short-circuit current to operate the circuit breakers when one 
of the lines become grounded, higher reactance and relatively smaller 
capacity tertiary windings may then be used, in which case, however, 
there will be considerable shift of neutral and also considerable rise 
of voltage on the lines with respect to ground. 

If the ground and short circuit are on the secondary of the trans¬ 
former (see Fig. 6), the short-circuit current in the tertiary is equal to 

__ im _ 

" 2 X %/Xps + %IXts 

In the above formula the subscript ts means between tertiary and 
secondary. The current in the short circuit is 3 Is (see Fig. 3), that in 
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one phase of the primary is 2/s, and that in each one of the other phases 
of the primary, Is- It is to understood that the value of Is in the 
different coils must take into account the turn ratio, as all diagrams 
in this discussion assume a one-to-one turn ratio. 



Fig. 6.—Current Distribution in a Y-Y Transformer Bank, provided with a tertiary 
delta to stabilize neutral, for single-phase line to neutral load. 


If the ground and short circuit are on the excited side, short-circuit 
current flows only in the primary and tertiary windings, and the 
analysis given previously under Y-delta connections applies. 

Tertiaiy Windings Supplying a Load. Tertiary windings intended 
for any of the above purposes are sometimes made use of also to supply 
a load, frequently a condenser load for power-factor correction. ^ In 
such cases, there is also the possibility of a short circuit on the lines 
of the tertiary windings. Hence, a tertiary winding intended to supply 
a load must be designed to withstand a" short circuit on its own lines 
as well, as short circuits on other windings. 

SIMULTANEOUS THREE-PHASE, AND SINGLE-PHASE LOADS 
ON ISOLATED Y-DELTA TRANSFORMER BANKS* 

Complete Algebraic Solution. It is often very desirable to take 
combined single-phase and three-phase loads from isolated Y-delta 
transformer banks. A ready means of determining the maximum 
load which the bank may successfully deliver without exceeding tem¬ 
perature or other limits, for any given single-phase and three-phase 
load combination, is given in the curves, Figs. 3 to 6 inclusive. These 
curves are based on the following algebraic solution. The division 
of load in an isolated Y-delta bank is always such that two-thirds of 
the single-phase load is carried by unit A, Fig. 1, across which the 
single-phase load is assumed to be connected, and one-third is carried 
by the other units B and C in series. The three-phase load is assumed 

* Condensed from an article by M. F. Beavers, General Electric Review, October, 
1934. 
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to be balanced, and the division of load in the three phases is of course 
balanced. 

A complete algebraic solution is given in the following equations 




Three-phase 
Load ( T) 


Fig. 1.—Simultaneous Single-phase and Three-phase Loads on Isolated Y-Delta 

Transformer Bank. 



in terms of single-phase and three-phase loads using Ea of Fig. 2 as a 
reference; 

Load in unit A : 

La = 0.6665 cos + 

0.3337" cos dt — j(0-6665 sin 

+ 0.3337" sin Bt) (1) 

Load in unit B : 

Lb = - 1(0.3335 cos B^ + 

0.1667" cos Bi + 0.2897" sin Bt 

'+j[0.2897" cos Bt — * 

0.166r sin Bi - 0.3335 sin Be]) (2) 

Load in unit C: 

Lc =- 1(0.3335 cos Be + 

0.166rcos Bt - 0.2897" sin Bt 

— j[0.2897" cos Bt + 

0.166r sin Bt + 0.3335 sin Be]) (3) 


Fig. 2. —Current Relations for Simul¬ 
taneous Single-phase and Three-phase 
Loads on Isolated Y-Delta Transformer 
Bank. 


where 7" and 5 are three-phase 
and single-phase loads and Bt and Be 
are power-factor angles, respec¬ 
tively. 

Values obtained from Equa¬ 
tions (2) and (3) will differ when 
the power factors of the three- 
phase and single-phase loads are 
not the same. 


Notation 

T = three-phase Kv-a. load = 3EIt 
S = single phase Kv-a. load = Ele 
le = single phase line current. 

It = three-phase current in each trans¬ 
former. 

Ott Bg = phase angle of three-phase load and 
single-phase load respectively. 

Ea, Eb and Ec = phase voltage across trans. 

A, B, and C, respectively. 

I at ^bi and = resultant current in trans. 
At Bt and C. 
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The foregoing fundamental equations of load division, to become 
applicable, need be considered only from the viewpoint of loading each 
transformer to its kv-a. racing. That is, in order to determine the 
unknown, whether it be the single-phase or the three-phase load, it is 
necessary to limit the load on each of the three units in the bank. 
The limiting load, for continuous service, obviously is the kv-a. 
rating for the transformer in question. 

Determination of Single-Phase Kv-a. in Terms of Transformer 
Ratings, Assuming Unity Power Factor of Single-Phase Load. Sub¬ 
stituting kv-a. ratings kv-a.a, kv-a.b, and kv-a.c for La, Lh, and Lc, 
respectively, and rearranging the equations (cos 6^ = 1): 

(1) may be written; 

S = V(1.5 kv-a.aY - (O.srsin diY - O.Sr cos B, (4) 


(2) may be written: 


5 = V(3 kv-a.,,)2 - (0.866reos 0, - O.Srsin OtY 

— 0.57" cos 6i — 0.8667" sin dt (5) 

If the power factor of the three-phase load and single-phase load 
is the same: 

kv-a.a = 0.6665 -f- 0.333r (6) 

or 


= 0.666 + 0.333 ^ 
S S 


(7) 


Similarly 


kv-a.& 


= - 1 


0.333 + 0.166 1 + i^O.289 j (8) 


Maximum Combined Load Curves. For the purpose of simpli¬ 
fying the solution of simultaneous single-phase and three-phase loads, 
curves have been prepared from the foregoing equations and are shown 
in Figs. 3 to 5 inclusive. 

It may be readily be seen by inspection of Equations (4) and (5) 
that the single-phase load which may be carried in addition to the 
three-phase load is a function of the kv-a. rating of transformers A 
and B {C being the same as B) and of the three-phase load. Naturally, 
the larger the rating of transformer Ay across which the single-phase 
load is connected, the more single-phase load can be carried along with 
a given three-phase load, within certain limits. 
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In order to make the curves serve a general purpose, the kv-a. 
rating of each of the two similar units, B and C, will be considered as 
100 per cent and all references will be made to unit B, 

The ratio of the kv-a. rating of the third unit A to the kv-a. 
rating of unit B (the reference base) will be referred to as R, 

Figs. 3, 4, and 5 show curves based on a combined load of unity 
power factor single-phase load and three-phase load at 100 per cent, 



Fig. 3.—Maximum Combined Load on Isolated Y-Delta Transformer Bank 
having Three Single-Phase Units 4, Bj and C with a Three-Phase Power Factor 

of 100 Per Cent. 

Kv-ab = Kv-ac 
R = Kv-ag 
Kv-ab 


80 per cent, and 60 per cent power factors respectively. It should be 
noted in each case that the rating of transformer A may be equal to or 

greater than the kv-a. rating of B or C, but any ratio f- — = R 

\kv-a.6/ 

greater than 2.0 must be considered as J? = 2. 

Determination of Single-Phase Kv-a., in Terms of Transformer 
Rating, Assuming Any Power Factor for Single-Phase Load. The 

curve in Fig. 3 may be used wherever the power factors of the three- 
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phase and the single-phase loads are the same, but for this condition 
only. This curve may be us^d for all like power factors because under 
this condition the phase relation of the currents will always be the 
same. 

Where the power factor of the single-phase load is not unity and 
the power factor of the three-phase and single-phase loads are not the 



Fig. 4.—Maximum Combined Load on Isolated Y-Delta Transformer Bank having 
Three Single-phase Units A, B, and C with a Three-phase Power Factor of 

80 Per Cent. 


Kv-ab = Kv-ac 


Kv-ab 

same, it will be necessary to determine the phase angle 6 between the 
load currents. 

The phase angle B between the currents of three-phase load at 
power factor cos Bt and single-phase load at power factor cos 63 in 
unit A (Fig. 2) is: 

e = Bt - B3 

Now consider that this is the three-phase power-factor angle and 
that the single-phase load is at unity power factor, then the curve 


SIMULTANEOUS SINGLE-PHASE AND THREE-PHASE LOADS 211 


corresponding to the three-phase load power factor, cos 0, and single¬ 
phase power factor of unity will apply (see Figs. 4 and 5). 



Fig. 5, —Maximum Combined Load on Isolated Y-Delta Transformer Bank 
having Three Single-phase Units and C with a Three-phase Power Factor 

of 60 Per Cent. 


Kv-ab = Kv-ac 


Kv-ab 

Typical Examples. Since the application of a set of curves becomes simpler when 
examples are given, the following problems are worked out. 

Assume a three-phase isolated Y-delta bank consisting of three transformers 
having the following characteristics: 

kv-a. rating of transformer A — 
kv-a. rating of transformer B = 10 
kv-a. rating of transformer C = 10 

Assume a three-phase load of 16 kv-a. at 80 per cent power factor. 

It is desired to determine the maximum single-phase kv-a. load (unity power 
factor) which can be supplied without overloading any of the transformers. In 
h'ig. 4, illustrating the condition of 80 per cent power factor three-phase load and 
unity power factor single-phase load: 
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(a) R = 15/10 = 1.5. 

(b) Three-phase kv-a. in percentage of kv-a.(. = 16 10 X 100 = 160 per cent 

(horizontal scale). * 

(c) From the curve, the percentage single-phase/kv-a. on the vertical scale is 
found to be 145 per cent of kv-a.;, or 14.5 kv-a. 

If the three-phase load is assumed to be 10 kv-a., the single-phase load which 
may be carried simultaneously is found to be 182 per cent of kv-a.;, or 18.2 kv-a. 

The reverse of the problem may also be solved; i.e., the single-phase load being 
known, the maximum three-phase load can be determined. 

Transformer Rating Curves for Simultaneous Loads, It is often 
desirable to determine the kv-a. rating of the transformers of a Y-delta 
bank necessary to carry a specific combined single-phase and three- 
phase load, and curves have been prepared to assist in this determina¬ 
tion, assuming the three-phase and single-phase load power factor 
the same. 

By substituting various values of the ratio T/S in Equations (7) 


£ i 

i 

I 

I 


F IG. 6. Transformer Capacity for Combined Single-phase and Three-phase Loads 
on Isolated Y-Delta Bank, with the Same Power Factor for Three-phase and Single¬ 
phase Loads. 

and (8) and plotting the results, the curves shown in Fig. 6 were 
obtained. 

Typical Example. To determine readily the kv-a. rating of transformers A, 
and C necessary to carry a combined single-phase load of 20 kv-a. and three- 
phase load T of 27 kv-a., reference should be made to Fig. 6. 

Assuming the power factor of both loads to be 80 per cent: 

(a) The ratio T/S = 27/20 = 1,35. 

(&) From the vertical scale on this curve, corresponding to ratio 1.35 on the 
horizontal scale, the following kv-a, ratings are required: 

Transformer A = 111 per cent of 20 kv-a. or 22.2 kv-a. 

Transformers B and C (each) = 68 per cent of 20 kv-a., or 13.6 kv-a. 
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SINGLE-PHASE LOADS ON THREE-PHASE SYSTEMS 

When considerable single-phase loads are taken from a three-phase 
system an unbalanced current distribution results, which, in general, 
is undesirable on account of: (1) lowered apparatus economy of 
transformer lines and generator; (2) lowered efficiency; (3) line dis¬ 
tortion, resulting from unequal voltage regulation in the three lines. 



Group I.—Single-phase Load on Three-phase Transformer Banks. 


From time to time various transformer connections are proposed 
to improve the distribution of the single-phase current in three-phase 
systems. For the purpose of readily comparing these connections 
with one another, they have been arranged into four groups, depending 
upon whether the single-phase load is taken from line to line (Groups I 
and III), or from line to ground (Groups II and IV), and again 
whether the resultant primary line currents are equal currents in the 
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two lines, zero current in the third line (Groups I and II), or 
whether the current is distributed in all three lines in the ratio of 
1.55/0.577/0.577 (Groups Ilf and IV). The diagrams are all alike 
in that a single-phase load El is being delivered, and for the sake of 
simplicity equal primary and secondary line voltages are assumed. 
In general the division of current is determined entirely by the nature 
of the connection excepting for the delta-delta connection, in which 



Group II.—Single-phase Load on Three-phase Transformer Banks. 

the division of current between the three phases is determined by the 
relative values of the impedances. 

It is of interest to observe, first, that the transformer connection, 
although it may modify the distribution of current in the three-phase 
lines, does not affect the line losses and, second, that in all cases the 
primary current is a single-phase current, which is in phase with the 
secondary current. The impossibility of transforming single-phase 
currents into balanced three-phase currents by transformer connec- 
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tions has long been recognized. The reason is that single-phase 
power changes from maximum to zero and back to maximum every 
half cycle, whereas polyphase power is delivered at a constant rate. 
To transform from one to the other requires apparatus, such as a 
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Group III. —Single-phase Load on Three-phase Transformer Banks. 


synchronous condenser, capable of absorbing or delivering the differ¬ 
ence in power flow at each instant. 

For the purpose of comparing the various methods by which single¬ 
phase loads may be taken from three-phase transformer banks, the ac¬ 
companying table (page 218) has been prepared. Here are tabulated, for 
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the 16 connection diagrams, on the assumption that in each case a load 
of El volt-amperes is delivered, in column A the total amperes flowing 
in the transformer bank, and^in column B the volt-amperes flowing 
in the maximum loaded phases. In column C is given the circuit 
economy which, being the reciprocal of column Aj may be defined as 
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Group IV.—Single-Phase Load on Three-Phase Transformer Banks. 


the ratio of volt-amperes delivered to the total volt-amperes flowing 
in the transformer bank. In column E is given the apparatus economy 
of the symmetrical three-phase bank, which being the reciprocal of 
column Z) is a measure of the single-phase volt-amperes which the 
symmetrical three-phase bank can deliver without exceeding the 
rating of any portion of the bank. 
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Delta and Y-Connected Generators Supplying Single-Phase Load. 
In Figs. 17 to 20 the two types of single-phase loads are traced 
back through the generator and the current division in the generator 
phases shown. From them the circuit economy and apparatus 
economy of the generator supplying the single phase load are readily 
determined. These values are: 


For Single-Phase Load 

Generator 

Circuit 

Economy 

Generator 

Apparatus 

Economy 

Fig. 17. Group I load on delta-connected generator.. 

0.75 1 

50% 

18. Group I load on Y-connected generator 

0.86 

57% 

19. Group II load on delta-connected generator.. 

0.86 

57% 

20. Group II load on Y-connected generator 

0.75 

50% 


666 i 




Fig. 17 


Fig. 18 


Prom tnis it appears that the 
second and third combinations 
have an advantage in that a 
larger single-phase load may be 
delivered without exceeding the 
generator rating. 

From the voltage diagrams, 

Fig. 1 to 16, it is evident that, 
when one single-phase load of 
considerable amount is to be sup¬ 
plied from a three-phase circuit, 
nothing is gained by devising 
special transformer arrangements 
for this purpose. The simplest 
solution consisting of a single¬ 
phase transformer connected 
across two of the three-phase lines 
is as good as the more compli¬ 
cated arrangement, so far as the 
three-phase circuit is concerned, 
and better than the more compli¬ 
cated one so far as the transformer 
is concerned. 

Simultaneous Single-Phase 

and Three-Phase Loads. The resultant currents in the line for a line- 
to-line single-phase load combined with a balanced three-phase load 
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Fig. 20 


Current Distribution in Three- 
phase Generators Resulting from 
Single-phase Loads. 
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is readily found by the construction to scale of the current triangle/ 
For example, in Figs. 21 and 22: 

ABD = balanced three-phase load line currents 

DC = line-to-line single-phase load current 

ABC = resultant line currents 

In Fig. 21 the power factors of the two loads are equal and the 
triangle ABC is isosceles with the line DC perpendicular to AB\ and 
in Fig. 22 the power factors of the two loads are unequal, the angle a 
is equal to the difference between the phase angles of the two loads. 

Division of the Unbalanced Load between the Phases of a Trans¬ 
former Bank. When the resultant line currents ABC (Fig. 23) are 
known, the division of the current in the transformer bank supplying 
the load can for certain cases be easily obtained geometrically. If the 
transformer bank is connected Y-delta (with neutral isolated) or delta- 
delta (the ohmic impedances of the three phases being equal) the 


Single-Phase Loads on Three-Phase Transformer Banks 


Group 

Fig. 

No. 

Volt- 
Amperes 
Flowing in 
Transformer 
Bank 

Volt- 
Amperes 
Flowing in 
Maximum 
Loaded 
Phase 

Circuit 

Economy 

1 -r Column A 

Volt-Ampere 
Rating of 
Symmetrical 
3-Phase Bank 
3 X Column B 

Apparatus 
Economy for 
Symmetrical 
3-Phase Bank 

1 Column D 


1 

1.333 

0.666 

0.75 

2. 

0.5 


2 

1.155 

0.577 

g 866 

1.733 

0.577 

I 

3 

1.333 

0.666 

0.75 

2. 

0.50 


4 

1. 1 

1. 

1. 




5 

1.5 

0.5 

0.666 

1.5 

0.666 


6 

1. 

1. 

1. 

3. 

0.333 

II 

7 

1.155 

0.577 

0.866 

1.733 

0.577 


8 

1.155 

0.577 

0.866 

1.733 

0.577 


9 

1.333 

0.666 

0.75 

2.0 

0.5 

III 

10 1 

1.333 

0.666 

0,75 

2. 

0.5 


11 

1.333 

0.666 

0.75 

2. 

0.5 


12 

1.288 

1. 

0,786 




13 

1.155 

0.577 

0.866 

1.733 

0.577 


14 

1.666 


0.'6 



I V 

15^ 

0-577 


1.73 




16^ 

1. 


1. 





A 

B 

C 

D 

E 


* Auto-transformer connection. 


BALANCED T OR SCOTT CONNECTION 


219 


currents in the delta are equal to the lines AO^ BO^ CO, these lines 
being drawn to bisect the opposite sides. (For a complete analysis 
of unbalanced current division in transformer banks see the chapter 
on delta-delta and Y-delta transformer connections.) 



ous Single-phase and 
Three-phase Loads, for 
Equal Power Factors. 



Fig. 22. —Simultane¬ 
ous Single-phase and 
Three-phase Loads, 
for Unequal Power 
Factors. 


a 



Fig. 23, —Division of Un- 
symmetrical Three-phase 
Load between Phases of 
Transformer Bank. 


THREE-PHASE TO TWO-PHASE TRANSFORMATION 

Since the first solution of the problem of interconnecting between 
three-phase and two-phase systems was made by means of the T or 
Scott connection, a very large variety of other transformer connections 
have been devised to ,make this transformation. In spite of this, 
however, the Scott connection remains, all things considered, the most 
satisfactory, not because it is superior in any one characteristic, but 
because it possesses a happy combination of all the features which are 
essential to three-phase to two-phase transformation. Its simplicity, 
on account of which taps can be provided without undue design diffi¬ 
culties, and the electrical isolation of the phases on the two-phase 
side, on account of which it is suitable for both three-wire and four- 
wire two-phase systems, have made this the most popular and almost 
universally used. Most other connections are either strictly limited in 
application by the interconnection of the phases on the two-phase side, 
or introduce complications, especially when taps are to be provided. 

Balanced T or Scott Connection. For this connection, two identical 
transformers may be used, provided 50 per cent and 86.6 per cent taps 
are available on the three-phase side. As shown in Fig. 1 the entire 
winding of the main transformer is connected across two of the three- 
phase lines and its 50 per cent tap is connected to the teaser trans¬ 
former in which the 86.6 per cent tap is connected to the third line, 
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13.4 per cent of the winding being left idle. Each of the two halves 
of the three-phase winding should, furthermore, be distributed over 
the entire winding length of the core to prevent flux distortion and 
poor regulation. The T connection requires 7.6 per cent more copper 
than single-phase transformers delivering the same power on account 
of the idle copper in the teaser and also on account of the fact that 
wattless currents flow in the three-phase side of the main winding. 
Where it is difficult or expensive to provide the interlacing of the two 
halves of the main winding, low effective reactance may be secured 
by means of parallel circuits on the two-phase winding of the main. 

The neutral on the three-phase side, which is one-third the height 
of the teaser winding, may be brought out for four-wire operation, 



/ 


u 

/ 90^^ 

asmv 

i \ 5 



^7 

a 


^1 




Fig. 1.—Balanced T or Scott Transformer" 
Connection for Three-phase to Two-phase 
Transformation. 



Current in Winding 
a = {I-j .577l)/j. - 1.15 X4- 
6 - il+i .577 = l.is 

c « = 1.15 

Fig. 2. —Current Analy¬ 
sis of T Connection for 
Three-phase to T wo- 
phase Transformation. 


although the transformer construction is somewhat complicated 
thereby. 

• Analysis of the Scott Connection. The current relations in the 
Scott connection can be readily derived by assuming that the two- 
phase side is connected to the load, and that the main and teaser loads 
are independent. Referring to Fig. 2, the main load I results in a 
primary current in the main equal to //r, but no current flows in the 
teaser. These currents are shown by the solid arrows in the figure. 
The teaser load jl results in a primary current in the teaser equal to 
1.15 j//r, which is 90° out of phase with the current in the main 
transformer. The teaser current divides into two parts, one half, 
0.577 JZ/r, flowing in the primary main and the other half in primary 
main a. The teaser currents are shown in the figure by the dotted 
arrows. Since this current flows in opposite directions in the two 
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halves, and also on account of the quadrature relation between main 
and teaser currents, the teaser current lags the main current by 90° 
in winding a and leads the main current by 90° in winding h. These 
currents have no equivalent secondary currents in the main, and since 
they are equal and flow in opposite directions in a and &, they neutralize 
each other as far as magnetizing effect is concerned. Hence the coils a 
and h may be considered, with relation to the teaser currents which 
flow in them as a single-phase transformer, one coil being primary and 
the other secondary. The necessity for having low reactance between 
the windings a and h in order to obtain good regulation is a direct 
consequence of this fact. The currents flowing in windings a and h 
being at right angles to each other, their resultants, equal to 1.15 //r 
are readily obtained. 

Regulation of Scott-Connected Transformers. In determining the 
regulation of a Scott-connected transformer, the method used in 
analyzing the current can be applied. Assuming, first, a main load, 
the impedance drops and regulation for this load can be determined 
independently of the teaser load. The main reactance, that is, the 
reactance between full winding primary and full winding secondary, 
is used in this determination and should be expressed in percentage 
of main voltage. Next, assuming full load on the teaser, no load in 
the main, there are two reactances to be considered, first, reactance 
drop in the teaser winding, which is the reactance between teaser 
secondary and teaser primary operating on the 86.6 per cent tap, and, 
second the reactance drop between portions a and h of the primary 
main due to the teaser current flowing therein. This reactance is 
known as interlacing reactance. Both of these drops should be 
expressed in percentage of the teaser primary voltage. The reactance 
affecting the teaser regulation is the arithmetical sum of the teaser 
and interlacing reactance. The reactance drop between portions a 
and h due to teaser current does not affect the regulation of the main 
transformer. In a similar manner there are two resistances which 
must be taken into account in the determination of regulation due to 
teaser current: first, the resistance drop in the teaser; and second, the 
resistance drop in the main due to the teaser current. In order to 
obtain balanced regulation, the total percentage drop due to teaser 
current must equal the total percentage drop due to the main current, 
or in other words, the transformer should be designed so that the main 
impedance is equal to the teaser impedance plus the interlacing impe¬ 
dance between halves of the primary winding. In general, therefore, 
in order to avoid distortion in the secondary voltages, or when power 
is supplied to two-phase motors to avoid any inequalities in current 
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division between phases, the teaser reactance should be less than the 
main reactance by an amount just equal to the reactance drop between 
halves of the primary main due to the teaser current flowing therein. 

Unbalanced T Connection. This connection is sometimes used in 
emergency conditions where a transformer with an 86.6 per cent tap 
is not available and a teaser transformer of the same voltage as the 
main transformer must be used. Two identical transformers are used. 
When transforming from two-phase to three-phase with this con¬ 
nection, the three-phase voltages are not equal, and are not 120° 
apart, the voltages being as 1: 1.12: 1.12. When transforming from 
three-phase to two-phase, the two-phase voltages are in quadrature 
but are unbalanced in magnitude, having the ratio 1: 1.15. As this 
is not a true three-phase or two-phase system, any attempt to operate 
in multiple with a three-phase or two-phase system or synchronous 

apparatus will cause serious 
unbalanced currents. The con¬ 
nections and voltage relations 
of this system are shown in 
Fig. 3. 

Approximate T Connection. 
Using Taps or Transformers 
of Different Ratio. The Scott 
connection can be approxi¬ 
mated by the use of a standard 
transformer of 10 : 1 ratio as 
main and another of 9 : 1 ratio 
as teaser if the main has a 50 
per cent tap on the three-phase side. A unit having a 10 per cent 
tap may be used in place of the 9 : 1 ratio teaser. In transforming 
from three-phase to two-phase, the voltage unbalance will be about 
4 per cent in both cases. 

General Methqd of Analysis. A few of the numerous schemes 
which have been devised for three-phase to two-phase transformation 
are given below in the form of voltage diagrams, showing the voltage 
for every portion of the circuit together with the currents flowing. 
These currents can always be determined by applying the method 
used in analyzing the Scott connection, which in general consists of; 

Assuming the two-phase side secondary with load on one phase 
and zero load on the other, work out its resulting currents, in both the 
two-phase and three-phase circuits, by the application of the rule that 
the sum of the ampere-turns in the individual transformers or indi¬ 
vidual phases must equal zero. Repeat this for the other phase. 
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Fig. 3. —Unbalanced T Connection for 
Three-phase to Two-phase Transforma¬ 
tion. 
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As the two loads are at right angles to each other the resultant for 
each winding is equal to the square root of the sum of the squares of 
the components of the winding. In all the diagrams given below both 
three-phase and two-phase line voltages have been assumed to be 
equal to £, the load on one phase to be I and in the other phase jl. 
Since output and input kv-a. are equal, it follows that in all cases the 
three-phase line current is 1.155 /. The actual currents flowing in 
each branch in terms of the I and jl components are given together 
with the resultant currents. 

In the analysis of these connections the effect of losses, leakage 
reactance, and magnetizing current is neglected, and with this simpli¬ 
fication the following generalizations apply. 

1. Transformation from three-phase to two-phase or the reverse 
cannot affect the power factor of the systems. In other words, the 
power factor on the two-phase side is equal to the power factor on the 
three-phase side. (Of course this statement neglects the wattless 
kv-a. introduced by magnetizing current and series impedance.) 

2. For a balanced polyphase load on the secondary circuit, a 
balanced polyphase load results in the primary circuit regardless of 
whether transformation is from three-phase to two-phase or the 
reverse. 

In the accompanying tables the various connections are grouped 
according to the style of the two-phase windings for the purpose of 
comparing them from the point of view of apparatus economy and 
adaptability. The various groups are as follows: 

Group 1, in which the two phases are not electrically connected. 
Such a connection can be connected to any kind of a two-phase load. 

Group 2, in which the middle points of each phase are at the same 
potential. 

Group 3, in which the end of the winding in one phase is connected 
to the middle point of the other phase, forming a T connection. 

Group 4, in which the two phases are connected in series, forming 
an L suitable for three-wire operation. 

Group 5, asymmetrical, any other arrangement of windings not 
included in the above. 

In all except the first group the potential relationship between the 
phases of the two-phase load must be the same as that existing between 
the two-phase transformer windings or else the phases of the load must 
be electrically distinct. It is evident, therefore, that the connections 
listed under Groups I and II are the only ones which can be used in 
connection with synchronous converters. For three-wire two-phase 
systems, only those mentioned under Groups I and IV can be used. 
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Three-Phase—Two-Phase Transformation 


Group I. Phases on two-phase side are electrically distinct 



T 

X 

I 

s 

Wind¬ 

ing 

Resultant 

Current 

/ 

Compo¬ 

nent 

J 

Compo¬ 

nent 

j 

s 

Fig. 4 

a 

b 

c 

1.155J 

1.155/ 

1.155/ 

0 

/ 

/ 

1.155/ 

0.577/ 

0.577/ 



a 

b 

c 

I 

0.5771 

0.5771 

/ 

0 

0 

0 

0.577/ 

0.577/ 

Fig. 6, 

a 

b 

c 

0.82 / 
0.425/ 
0.821/ 

0.82 I 
0.301/ 

0 

0 

0.301/ 

0.821/ 

\ / \ 

Fig. 7 . ^ .»7e 

a 

b 

c 

1.155/ 

1.155/ 

1.155/ 

1.155/ 

0.577/ 

0.577/ 

0 

/ 

/ 

Fig. 8. ^ 

a 

b 

c 

1.155/ 

1.155/ 

1.155/ 

0.821/ 
1.12 / 
0.3 I 

0.821/ 
0.31 I 
1.121/ 

^ P 

K-f'.wrF 1— 

1 ' a 1 

1 

V/T 

f , - 

Fig. 9. 

/ 

s 

a 

b 

c 

1.155/ 

1.155/ 

1.155/ 

1.155/ 

0.299/ 

0.812/ 

0.299/ 

1.155/ 

0.812/ 
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Three-Phase—^Two-Phase Transformation 

Group II. Two-phase side connected so that in effect the middle point of each 
phase on two-phase side are at the same potential. 






Wind¬ 

ing 

Resultant 
Current i 

I 

Compo¬ 

nent 

J 

Compo¬ 

nent 

<U <L) 

(U cn 

a 

1.155/ 

0.30 I 

1.121/ 

i-< nJ 

b 

1.155/ 

0.82 I 

0.82 / 

H Pl. 

c 

1.155/ 

1.12 / 

0.30 / 


a 

0.61 I 

0.423/ 

0.423/ 


b 

0.71 / 

0.423/ 

0.577/ 

H Oh 

c 

0.82 / 

0.577/ 

0.577/ 


d 

0.71 I 

0.577/ 

0,423/ 

i) 0) 

QJ to 

a 

1.155/ 

1.155/ 

0 

u Oj 

b 

1.155/ 

0.577/ 

/ 

H Pm 

c 

1.155/ 

0.577/ 

/ 

o 

a 

0.577/ 

0.288/ 

0.5/ 


b 

0.42 I 

0.42 I 

0 

H Pm 






c 

I 
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Three-Phase—Two-Phase Transformation 


Group III. Two-phase side T connected, i.e., the end of one phase is connected to 
middle point of other phase 
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Three-Phase—Two-Phase Transformation 
Group IV. Two-phase side L or series connected. Suitable for three-wire operation. 



H 


o 



Wind¬ 

ing 

Resultant 

Current 

/ 

Compo¬ 

nent 

J 

Compo¬ 

nent 


a 

1.155/ 

1.12 / 

0.296/ 

cd 

43 

b 

1.155/ 

0.297/ 

1,12 / 

Oh 

e 

1.155/ 

0.815/ 

0-815/ 

0) 

cn 

a 

0.818/ 

0.79 I 

0.21 I 

td 

43 

b 

0.818/ 

0.21 / 

0.79 I 

Oh 

c 

0.297/ 

0.21 I 

0-21 I 

d) 

a 

1.155/ 

0.82 I 

0.82 / 

cn 

cd 

b 

1.155/ 

0.298/ 

1.21 I 

£ 

c 

1.155/ 

1.21 I 

0.298/ 


a 

/ 

I 

0 


b 


0.79 I 

0.21 I 

m 

cd 

: _rH 

c 


0.21 / 

0.79 I 

Oh 

d 


0.21 I 

0.21 I 

(U 

a 

1.155/ 

1.155/ 

0 

X 

cd 

b 

1.155/ 

0.577/ 

/ 


c 

1.155/ 

0.577/ 
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a 

/ 

/ 
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b 

/ 

0 

/ 

X 

cd 

c 

0.423/ 

0.423/ 

0 

43 

pL, 

d 

0.577/ 

0.577/ 

0 


e 

1.155/ 

0.577/ 
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Three-Phase—Two-Phase Transformation 


Group V—Two-phase side connected asymmetrically 



BY MEANS OF Y-DELTA TRANSFORMER BANK 
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Several of the asymmetrical connections given under Group V 
above are useful where simultaneous two-phase and three-phase loads 
are to be supplied by means of four wires. The connection shown in 
Fig. 17 is preferred where the three-phase load predominates. 
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Fig, 20. —Y-Delta Transformer Bank used for Three-phase to Two-phase 

T ransf or mat ion. 




Fig. 21. —Delta-Y Transformer Bank used for Three-phase to Two-phase 

Transformation. 

Use of a Y-Delta Transformer Bank for Phase Transformation. 

Three-phase to two-phase transformation can be readily accomplished, 
in a three-wire line containing Y-delta transformer banks, by the 
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addition of a single-phase transformer having the proper ratio. These 
connections are shown in ^igs. 20 and 21. As no interlacing and no 
special taps are required, these connections have much in their favor 
for use in circuits in which three-phase transformation is the rule. 
It should be noted that in the second connection, Fig. 21, one phase of 
the delta-Y bank is idle as far as phase transformation is concerned, 
and that with this phase omitted it is identical to the connection shown 
in Fig. 5. 


CHAPTER VIII 


AUTO-TRANSFORMER CONNECTIONS 

By a. Boyajian 

When the primary and secondary circuits of a transformer have 
part of a winding in common, the unit is called an auto-transformer. 
This feature results in certain advantages and limitations as follows: 

ADVANTAGES OF AUTO-TRANSFORMERS 

For any given service, auto-transformers are superior to trans¬ 
formers in having 

1. Lower cost. 

2. Greater efficiency. 

3. Better regulation. 

4. Smaller size. 

5. Smaller exciting current. 

These advantages are due to the fact that, whereas in a transformer 
all the kv-a. is transformed from the primary to the secondary, in an 
auto-transformer only a, fraction of the total kv-a. is transformed, the 
rest flowing directly from the primary lines to the secondary lines 
without transformation. Generally, the percentage kv-a. transforma¬ 
tion is the same as the percentage voltage transformation; * that is, 
if the auto-transformer boosts the voltage 10 per cent, it actually 
transforms only 10 per cent of the kv-a. supplied to the load. And 
since the size of a unit is proportional to the kv-a. that it transforms, 
the equivalent transformer rating of the auto-transformer will be only 
10 per cent of the load kv-a. 

In general, for single-phase connection and also for three-phase 
Y connection, the ratio of the equivalent transformer rating of an 
auto-transformer to its kv-a. output is equal to the percentage voltage 
transformation, or the percentage voltage difference between the high 
and low line voltages, or 1 minus the ratio of low voltage to high 
voltage. Symbolically, 

Rating Ei — E 2 _ ^ E 2 
Output El ^ El 

* Percentage based on high voltage. 
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where £i is the high-voltage line voltage and E 2 is the low-voltage 
line voltage. The above j'atio is sometimes called the “ co-ratio,” 
because it is equal to 1 minus the ratio of low voltage to high voltage. 

The foregoing statements and equations hold very broadly if inter¬ 
preted vectorially. For example, an auto-transformer that does not 
alter the magnitude of the line voltages but merely shifts the phase of 
secondary voltage away from primary voltage, making the vector 
quantity (Ei — E2)/Ei have a certain numerical value, will be as 
large as another auto-transformer that does not affect the phase of 
the voltages but changes the magnitude making (Ei — E2)/Ei as 
large as in the first auto-transformer and carrying the same current. 

Phase-shifting auto-transformers will naturally be polyphase, very 
likely three-phase, in which case there will be three Ei vectors and 
three E2 vectors, and the question may be raised as to which Ei is to 
be taken with a given E 2 for substitution in the foregoing formula. 
When there is an explicit series winding, the answer to this will be 
obvious; but other cases may require individual examination. How¬ 
ever, it may be evident that the minimum ratio will be obtained by 
that connection which justifies taking that Ei which is nearest in line 
with E 2 . 

It follows from the foregoing that those auto-transformer connec¬ 
tions which give an incidental phase shift must be less economical 
than those which avoid it. Furthermore, when applied generally, 
(El — E2)/Ei must be treated as the minimum attainable limit, and 
not necessarily the actual ratio of rating to output. The effective co¬ 
ratio for various auto-transformer connections has to be determined 
by directly calculating the ratio oj the kv-a. in the windings to the 
kv-a, output. 

Although the actual losses of a unit are the same whether it is 
operated as a transformer or auto-transformer—the output when oper¬ 
ated as an auto-transformer being greater than when operated as a 
transformer—the percentage losses in auto-transformer connection are 
smaller than in transformer connection by the same ratio that its 
equivalent capacity is smaller than its kv-a. output, that is, by the 
ratio (El — E2)/Ei. Thus, the operation of a unit as an auto-trans¬ 
former is more efficient than its operation as a transformer, and the 
percentage losses are in the ratio : (Ei — E2 )/Ei. 

On the other hand, comparing an auto-transformer with a trans¬ 
former supplying a similar load, the losses of the auto-transformer 
are, of course, less than those of the transformer, but the ratio of the 
losses is not quite as small as the co-ratio. This is due to the fact that, 
although the total watts loss is larger in larger units, yet the watts loss 
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per kv-4. is less for larger units than for smaller units, and thus the 
advantage of auto-transformers over transformers with regard to losses 
is not as great as the advantage in kv-a. transformed. 

What has been said above for the losses applies equally to the 
exciting current and impedance and, thus, the regulation of an auto¬ 
transformer is better than that of a transformer designed for the 
same output. 

Looking at the above relations from another angle, since, for a 
given service, the ratio of the equivalent rating of an auto-transformer 
to the rating of a transformer may equal (1 — E 2 /E\), it is seen that 
the percentage economy in kv-a. transformed effected by the use of 
an auto-transformer over that of a transformer is equal to E^/Ex, 
which is the ratio of low voltage to high voltage.* For example, if the 
low voltage is 10 per cent of the high voltage, then 10 per cent of the 
transformer kv-a. is saved by using an auto-transformer; and if the 
low voltage is 95 per cent of the high voltage, then 95 per cent of the 
required transformer kv-a. is saved by using an auto-transformer. It 
is thus seen that the percentage saving due to the use of auto-trans- 
formers increases as the ratio of low and high line voltages approaches 
unity, and decreases as this ratio differs from unity. 

Example. A 100 kv-a., 2300 to 230-volt transformer has characteristics approxi¬ 
mately as given below. 

As Transformer As Auto-transformer 

High voltage, 2300 volts. 2530 volts 

Low voltage, 230 volts. 2300 volts 

Co-ratio. 0.091 

Output, 100 kv-a. 1100 kv-a. 

Losses, 1.75 per cent. 0.16 per cent 

Regulation, 1 per cent. 0.09 per cent 

Impedance, 3 per cent. 0.27 per cent 

The characteristics as an auto-transformer are derived as follows: the low voltage, 
2300 volts, is 91 per cent of the high voltage, 2530 volts. Therefore, the use of the 
auto-transformer saves 91 per cent of the required kv-a. of a transformer, i.e., 91 per 
cent of 1100 kv-a. which is 1000 kv-a. The co-ratio is 100 per cent less 91 per cent 
which equals 9 per cent, that is, the rating of the auto-transformer is 9 per cent of 
its output. The percentage losses, reactance, and regulation as an auto-transformer 
are therefore only 9 per cent of their corresponding values as a transformer. 

In view of these advantages auto-transformers are used in prefer¬ 
ence to transformers except when there is a disadvantage (discussed 
below) outweighing these advantages in the particular case under 
consideration. 

* This discussion applies to in-phase transformations. 
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DISADVANTAGES AND LIMITATIONS OF AUTO-TRANSFORMERS 

1. The fact that the effective percentage impedance of a unit in 
auto-transformer connection is (or may be) reduced by the ratio of 
{El — E 2 ) to El as compared with its value in transformer connec¬ 
tion increases the short-circuit current by the inverse ratio and the 
short-circuit stresses by the square of the inverse ratio. For example, 
if the co-ratio, that is, the ratio of equivalent rating to output, is 
10 per cent, the short-circuit current of this unit in auto-transformer 
connection will be 10 tinies as large and the short-circuit stresses 100 
times as large as in transformer connection if the line voltage is sus¬ 
tained. Since transformers are not usually built with a factor of safety 
of 100 for short-circuit forces, the auto-transformer in this illustration, 
if designed along the usual lines of transformers, would be destroyed 
by a short circuit with sustained line voltage. The safety of an auto¬ 
transformer therefore demands that either the auto-transformer be 
designed for higher reactance as a transformer than customary for 
transformers, or that the system have sufficient (additional if neces¬ 
sary) reactance to limit the short-circuit current to a safe value for 
the auto-transformer. Advantage is generally taken of system impe¬ 
dance. An auto-transformer that would be considered unsafe, neglect¬ 
ing the system impedance, may be entirely safe when this is taken into 
consideration. It will even be found in not a few cases that the system 
impedance by itself is sufficiently high'to limit the short-circuit cur¬ 
rent to a value safe for the auto-transformer even without the aid of 
the auto-transformer impedance. In general, if the load of the auto¬ 
transformer is full load for the generator (or for the transformer sup¬ 
plying the auto-transformer), the short-circuit current will be safe for 
the auto-transformer irrespective of the impedance of the latter. 
For example, it being desired to boost the voltage of a 1000 kv-a. 
2300-volt transformer about 10 per cent to take care of poor regula¬ 
tion, a 100 kv-a. 2300- to 230-volt transformer may be used, connected 
as an auto-transformer stepping up from 2300 volts to 2530 volts. 
The co-ratio is (2530-2300)/2530, which equals 9.1 per cent. If the 
impedance of the 1000 kv-a. transformer were neglected, the short- 
circuit current of the auto-transformer would be 11 times its rated 
short-circuit current and the stresses 121 times the rated short-circuit 
stresses, and the auto-transformer would therefore be expected to be 
completely destroyed by a short circuit at sustained voltage. How¬ 
ever, considering the impedance of the transformer supplying the auto- 
transformer, it is safe to assume that the short-circuit current will be 
not more than 20 or 25 times the normal load current of the circuit, 
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that is, not more than the rated short-circuit current of the auto¬ 
transformer as a transformer, and hence the operation may be expected 
to be safe. Taking the impedance of the auto-transformer also into 
consideration, a still greater margin of safety becomes evident. 

Whenever practicable, auto-transformers are designed to with¬ 
stand short circuit, but if this is found not practicable, as in units 
with very low co-ratio, the transformer is guaranteed usually to with¬ 
stand 25 times full load current; and the operator assumes the responsi¬ 
bility to provide sufficient external impedance to limit the short- 
circuit current to this value. Whenever the existing system has suffi¬ 
cient impedance to limit the auto-transformer short-circuit currents to 
above values, full protective reactance in the auto-transformers would 
not only not be required but might even be considered objectionable 
as unnecessarily increasing the voltage regulation of the circuit. 

Another disadvantage or limitation of auto-transformers is that, i, 
owing to the metallic connection between the high- and low-voltage ; 
circuits, each circuit is affected by electric disturbances originating in 
the other. For instance, a ground on either circuit is a ground for / 
both circuits, and a ground on the high-voltage side may subject the 
low-voltage circuit and connected apparatus to approximately the 
high-voltage line voltage. The low-voltage coils of auto-transformers 
are therefore designed for, and tested at, the high-voltage test voltage. 
Although this practice would insure the safety of the auto-transformer 
from insulation failure, it would not protect the connected apparatus. 
For example, if an auto-transformer is used to step-up the voltage of a 
single-phase ungrounded generator from 11,000 volts to 22,000 volts, 
a ground on the high-voltage line may impress 22,000 volts on the 
generator insulation to ground. 

The problem of insulation stresses in auto-transformers is rather 
complicated, involving not only fundamental-frequency voltages but 
also third-harmonic and transient voltages. On account of the great 
importance of the subject, various typical cases are discussed at some 
length in the later parts of this chapter. 

DESIGN CONSIDERATIONS 

It has already been pointed out that an auto-transformer is equiv¬ 
alent to a transformer in which (£1 — E^jEi times the power output 
is transformed from one winding to the other; and in design, it is 
convenient to consider the auto-transformer as such a transformer, 
treating it as though it consisted of separate primary and secondary 
windings, with respective potentials (£1 — £ 2 ) and E 2 and current 
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Ii and (72 — 7i) (Figs, la and lb). Percentage reactance drop, per¬ 
centage resistance drop, pejcentage losses, and percentage exciting 
current are first obtained on the transformer basis. The corresponding 
values for the auto-transformer basis are then obtained by multiplying 
each of these values by the expression (£i — E 2 )IEi, 

The values obtained on the transformer basis give an idea of the 
characteristics of the machine as a transformer, information that is of 
particular interest to the designer. The values obtained on the auto- 
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Fig. 1. —Comparison of Flow of Currents in Transformers and Auto-Transformers 


transformer basis give an idea of the operating characteristics in terms 
of the line potential, etc., and this information is particularly important 
to the operator. ^ 


RATING 

. It is customary to give only the power output on the nameplates 
of auto-transformers, not the power transformed or the rating as a 
transformer. The relation between these ratings as expressed above is: 

Capacity Ei — E 2 
Output El 

and can be derived easily with the aid of Fig. la and Ih. 

This simple relation between power transformed and power out¬ 
put becomes complicated if the auto-transformer has taps, or multi¬ 
circuits, or both, as shown in Fig. 2 a and 2 b. Fig. 2 a illustrates an 
auto-transformer having a number of taps, the voltage on the line 
side remaining constant while that on the load side varies, the load 
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current being constant. Fig. 2b represents a four-circuit auto-trans¬ 
former giving constant voltage between output taps for various 
impressed voltages from 100 to 125 volts. Here each separate condi¬ 
tion of operation must be considered and each winding designed for 
the maximum current it will be called upon to carry under any condi¬ 
tion. The amount of power transformed depends on the tap voltage 



Fig. 2. —Auto-Transformer with Taps. 


and the number and arrangement of the circuits in use. The equiv¬ 
alent capacity of the auto-transformer in this case is taken as 
{Eala + Ehih + EJc + . . *)/2, in which Eaj Ehj etc., are the voltages 
across the different sections, and 7o, Ihy etc., are the maximum currents 
in each section. This is the same as in a transformer where the rating 
is one-half of the sum of the actual high- and low-voltage winding 
ratings. 
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Considering Fig. 2a we have: 

El = 220 volts, constant impressed voltage. 

E 2 = from 10 to 200 volts. 

I 2 = 10 amperes, current on low-voltage side. 

E2I2 

h = - = current in given section when in high-voltage wind- 

Ei 

ing. I 2 — = current in given section when included in low-voltage 

winding. Considering the maximum conditions for each section in 
turn we have: 


Section 

Volts 

Amperes 

Volt-Amperes 

a h 

10 

9.55 

95.5 

h c 

15 

8.86 

132.9 

c d 

30 ^ 

7.50 

225.0 

d e 

25 

6.36 

159.0 

e / 

30 

5.00 

150.0 

/ £ 

40 

5.00 

200.0 

g h 

30 

6.82 

204.6 

h i 

20 

8.18 

163.6 

i 3 

20 

9.09 

181.8 

1512.4 


For this case the rated transformer capacity would be 1512.4/2 
volt-amperes or 0.756 kv-a. 

In the example of Fig. 2 h the impressed voltage may vary from 
100 to 125 volts. The voltage between taps is constant at 27.5 volts. 
From one to four circuits may be in use at one time, the output at any 
time being proportional to the number of circuits in use. An investiga¬ 
tion shows the following maximum "conditions for each section: 


Section 

Volts 

Amperes 

Volt-Amperes 

a b 

15 

2.17 

32.55 

b f 

100 

1.87 

187.00 

f h 

10 

2.87 

22.70 

242.25 


This gives an equivalent capacity of 242.25/2 volt-amperes = 
0,121 kv-a. 

It is evident that the equivalent size thus obtained gives no indica¬ 
tion of the output or performance of the auto-transformer. 

Auto-transformers are often made with several secondary voltages, 
and, unless specifically stated to the contrary, it is assumed that each 
section is to carry loads proportional to the total loads for which the 
unit is designed. Consequently, such auto-transformers may have 
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very poor regulation when any secondary portion is heavily loaded 
and other sections lightly loaded. If good regulation must be main¬ 
tained, such conditions must be taken into consideration in design. 


THREE-PHASE CONNECTIONS 

Y Connection. This is the simplest and the most economical 
three-phase auto-transformer connection, and presents no difficulties 
in the way of calculation or design, each leg of the Y being treated 
like a single-phase unit. (Compare 
Fig. 3 with Fig. \h.) Similar to 
single-phase units for single-phase 
service, the ratio of its kv-a. rating 
to its kv-a. output is {Ei — E 2 )/Ei. 

The current and voltage relations 
in the various parts of the windings 
will be evident by an inspection of 
Fig. 3. The current in the series 
winding is equal to the high-voltage 
line current, Ii ; that in the common 
winding is equal to the low-voltage 
line current, 72, minus the high-voltage line current, 7i. The line 
currents are determined in the usual manner by the value of the 
load kv-a. and the line voltages. Thus, 

Load kv-a. X 1000 / 

' ^ 1.73 X El 



Fig. 3. —Current and Voltage 
Relations in Y-Connected Auto- 
Transformer. 


Load kv-a. X 1000 
" ^ 1.73 X E 2 

The voltage across the common winding is 57.7 per cent of the 
low-voltage line voltage E 2 ; that across the series winding is equal to 
57.7 per cent of the high-voltage line voltage Ei minus 57.7 per cent 
of the low-voltage line voltage £ 2 . 

Single-Phase Loading. It is not practicable to take an appreciable 
single-phase load from one line to the neutral of a Y-connected bank 
of single-phase units without seriously unbalancing the leg voltages, 
and, therefore, if four-wire operation is desired with single-phase units, 
either the zigzag or the Y-delta connection must be used, as discussed 
below. Three-phase units of core-type (three-legged) design may give 
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1 
-i 

tolerably good regulation if the single-phase load is small. The shift 
of neutral in this latter case may be calculated as follows: 

Neutral shift in percentage of leg voltage 

= ^ (%/)n(%/Z)o (1) 

where (%/)n = current in the neutral wire as a percentage of the rated 
or base current in each line. 

I 

I (%/Z)o = percentage zero-sequence-impedance voltage of the 

I bank measured single-phase by putting the three 

phases (line to neutral) in parallel, forcing rated 
I current in each phase, and expressing the necessary 

I impedance voltage as a percentage of the normal 

i' leg voltage (Fig. 4). There will be two values of 

' (%/Z)o, one between the high-voltage lines and 

neutral (Fig. 4a), the other between the low-voltage 
lines and neutral (Fig. 4&). 



(a) . 

Fig. 4. —Method of Test for Zero Phase Sequence Impedance. 


Since the designer looks upon and calculates an auto-transformer 
as a transformer, treating the comfhon winding as the high-voltage 
winding, the series winding as the low-voltage winding, he is likely to 
calculate the zero-sequence impedances also first as for a transformer, 
namely, for the common winding and for the series winding. These 
impedance values then have to be converted into terms of the high- 
voltage line to neutral circuit and low-voltage line to neutral circuit. 
Conversion to auto-transformer basis raises the value of the zero- 
sequence impedance, in contrast to the other impedances (called the 
positive- and negative-sequence impedances) which are lowered. For 
instance, assume that a 4 : 1 ratio two-winding transformer has 
50 per cent zero-sequence impedance for its high-voltage winding. 
If it is connected like an auto-transformer to give a voltage boost in 
the ratio of 4 : (4 + 1), the percentage zero-sequence impedance on 
the low-voltage lines, for the full-load line current, will be 50 per cent 
divided by the co-ratio, 50 per cent 1/5 = 250 per cent. The reason 
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for this fivefold increase is that, even though it is the same coil which 
is carrying the current in either case and the same base voltage, yet in 
an auto-transformer connection the full load line current is five times 
as high as in transformer connection, and this large current flows in 
the common winding untransformed in the zero-sequence test condition. 

The regulation of a given phase for a given single-phase load across 
it, from line to neutral, can be calculated by the usual regulation for¬ 
mula for single-phase circuits,* using for the effective values of the 
Impedances 

= f (%7X)l + i {%IX)o 
VoIRef,. = I + i i%IK)0 

in which the impedances indicated by sub 1 are the customary leakage 
impedances, and those indicated by sub 0 the zero-sequence impe¬ 
dances—all on auto-transformer basis. 

The regulation of the other phases also can be calculated by the 
same formula provided the power factor and reactive factor of the 
single-phase load current are referred to the voltages of those phases, 
even though the load current may not be flowing in those phases. The 
following table facilitates this determination if the power factor and 
reactive factor are given with reference to one of the phases; 

Phase I 

(Loaded Leg) Phase II Phase III 


p 

3 

P 

3 

P 

3 

-hi. 00 

0 

-0.50 

+0.856 

-0.50 

-0.866 

-hO.866 

+0.50 

-0.866 

+0.50 

0 

-1.00 

-h0.707 

+0.707 

-0.96 

+0.26 

+0.26 

-0.96 

+0.50 

+0.866 

-1.00 

0 

+0.50 

-0.866 

0 

+ 1.00 

-0.866 

-0.050 

+0.866 

-0.50 

It will be 

realized 

that the neutral current 

may be the rest 


unbalanced load in more than one phase; but whatever the origin of 
the neutral current may be, if the phase angle of the neutral current 
is known with reference to a given phase, the voltage regulation of that 
phase, due to the shift of the neutral, can be calculated using the 
appropriate zero-sequence impedance and one-third of the neutral cur¬ 
rent as flowing in that phase. 

Example. Load, single-phase across Phase I (line to neutral), drawing a cur¬ 
rent equal to 25 per cent of the rated line current, with a power factor of 86 per cent. 

(%I)n =25 P = 0.86 q = 0.50 
%IXq = 50 (auto-transformer basis) 

* Sec Chapter V, Equation (11). 
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With the high assumed %IXo, other impedance components may be ignored. 
The neutral shift will be (^5) (50) =4.17 per cent. 


The voltage regulation of the different phases will be as follows. 
Phase I (loaded phase): 

k = : p = 0.866; q = 0.50 

3 ^ 


Regulation = kq %IX + 


{kpjoixy 

200 


0.25 . _ , (0.25 X 0.86 X 50/3)2 

-X 0.50 X 50 -h- — -= 2.15% 


The regulation of the other phases will be 
0 25 

Phase II, k = — ; p = - 0.866 ; q = 0.50 

0.25 , , (0.25 X 0.866 X 50/3)2 

Regulation = (0.50)50 -{-- 


200 


2,15% 


0.25 


Phase m, jfe = — ; p = 0\ g = - 1.00 

0.25 , ^ 02 

Regulation = X ( — 1.00) X 50 4"^^ 


= — 4.17% (i.e., 4.17% boost in voltage) 

In this case, the neutral shift happens to be exactly parallel to the voltage of 
Phase III and away from the potential of its terminal, so that 4.17 per cent neutral 
shift causes 4.17 per cent voltage boost in that phase. 

» 

Zigzag Connection. As stated previously, the zigzag connection 
(Figs. 5a and 5b) is used to derive a neutral for three-phase four-wire 
operation when the neutral of the system is not otherwise available. 
With balanced three-phase loads, the auto-transformer carries no current*, 
but with unbalanced loads, the unbalanced current in the neutral wire 
divides equally in the three phases of the auto-transformer, one-third 
flowing in each leg. 

That the arrangement of the windings for the neutral current is 
non-inductive (except for the leakage reactance) will be evident con¬ 
sidering the fact that the ampere-turns in each half of each phase is 
balanced. Thus, the ampere-turns in la are balanced by those in Ig 
(Fig. 5a), those in 2a are balanced by those in 2b, and those in 3a are 
balanced by those in 5b, without producing a flux through the complete 
core but only through the leakage space between each pair of coils. 
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This scheme of zigzagging is desirable but not absolutely necessary 
for three-phase core-type units, because owing to the magnetic inter¬ 
linkage of the three phases, the flux return for these currents is through 
the air and hence the reactance is very much lower than in single¬ 
phase units, where the flux produced by these currents has a complete 
iron path. 

The rating of these units is entirely based on the line voltage and 
the unbalanced current in the neutral, but has no direct relation to 
the balanced three-phase load current as this current does not flow 
through them. When the neutral is grounded, the kv-a. rating of these 
units is based on the value of the short-circuit current that they are 
expected or required to carry for 2 seconds, if this current is specified 
by the customer. The leakage reactance of the unit and that of the 


A 




Fig. 5.—Single-Zigzag Connection. 

system should then be considered to make sure that the actual short- 
circuit current will not exceed the rated or specified value. 

It will be noted that the zigzag connection requires 15 per cent 
more turns and therefore 15 per cent more equivalent kv-a. rating 
than a straight Y winding. 

Double-Zigzag Connection, When in addition to four-wire three- 
phase service a voltage transformation is also desired, the double¬ 
zigzag connection may be used (Figs. 6a, 6b, la, lb). Auto-transform¬ 
ers in this service, unlike the single-zigzag connection discussed in 
the preceding section, normally carry a balanced three-phase load, in 
addition to any unbalanced currents flowing in the neutral. The cal¬ 
culation of the normal-load currents in the series and shunt coils is 
identical with that for the straight Y-connection. The calculation 
of currents for unbalanced loads is similar to that of the single zigzag, 
that is, the current in the shunt or common winding is one-third of the 
current in the neutral wire; the current in the series winding is then 
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found by ratio. In determining the maximum current in the winding, 
balanced- and unbalanced-lo^d currents of the coils should be added 
arithmetically. 



Fig. 6. —Double-Zigzag Connection. 


When the voltage transformation is a small percentage, say less 
than 25 per cent, and the unbalanced-load coil current not more than 
the balanced-load coil current, single’-extended-zigzag connection 


Xeutrul 




Fig. 7. —Single-extended-zigzag Connection. 


(Figs. 7a, 7b) may be used with core-type three-phase units with fairly 
good regulation* 
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Delta Connection. The following current and voltage relations 


will be evident on inspection of 
Fig. 8. 

The coils of which the volt¬ 
ages are ei and € 2 , with currents 
ii and 4, act as primary and 
secondary with respect to each 
other. Their ampere-turns must 
therefore balance, and, similarly, 
their volt-amperes must be equal. 
Since their ampere-turns must 
balance, ii and {2 are therefore 
in phase with each other and 
with / 2 , which is the low-volt¬ 
age line current. Thus, 



ii + n = I 2 (arithmetical addition) 


also 


^ 1^1 = '^2^2 


Now ei and 62 are determined by the values of the high and low line 
voltages El and £^ 2 , as follows: 


ei 


_ El \E2^ Ei^ 

2 "V 3 12' 


62 = El — ei 

I 2 




1 +- 
e2 


t2 = H 


£1 

62 


The ratio of capacity to output is 

1.73-E1-E2 V £1 )\^ eJ 


It follows from the foregoing formula that, when Ei and E 2 
approximate each other, the rating required of the delta connection 
is ] 6 per cent more than that of the Y connection for the same output. 
This arises from the fact that the delta connection gives incidentally 
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a considerable phase shift, so that (£i — E 2 ) vectorially is much 
larger than the (£1 — E 2 ) arithmetically. Obviously, if the numeri¬ 
cal values of the voltages are t^e only considerations, delta connection 
is inferior to the Y connection; but if phase shift is needed in addition 
to the voltage change, then delta connection may be valuable. 

It is to be noted that a higher ratio than 2 to 1 cannot be obtained 
between high and low line voltages by means of this connection, and 
when it is desired to do so with the characteristics of a delta con¬ 
nection, either the extended-delta connection (Fig. 9) or the open- 
delta connection (Fig. 10) must be used. 



Fig. 9. —Extended-Delta Connection. Fig. 10. —Open-Delta Connection. 


Extended-Delta Connection. The analysis of this connection is 
shown in Fig. 9. The method of derivation of the equations may be 
indicated here as an example for other cases. 

Vectorially, * 

E\ = {E^m + E 2 ) — E^'m 

Numerically, 

= (Em + £ 2)2 + EJ^ - 2Em(Em + E 2 ) COS 120 ^ 

= 3Em^ + 3EmE2 + E2^ 


Solving the quadratic equation for E^f 



12 


The current in the series winding is of course /i, the high-voltage line 
current. That in the common winding, is by ratio 


In 
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The rating per phase is, /i; the output per phase is 0.58 Eih; 
and the co-ratio, the ratio of capacity to output, is 

Capacity _ ^ 

Output * £1 

Open-Delta Connection. Two single-phase auto-transformers 
may be connected in open-delta for three-phase service similar to the 
open-delta operation of transformers and will deliver a load equal to 
86.6 per cent of their joint single-phase auto-transformer rating 
(Fig. 10). The current in the series winding is equal to the three- 
phase, high-voltage line current, and that in the shunt winding is 
equal to the three-phase, low-voltage line current minus (arithmetical 
subtraction) the three-phase high-voltage fine current. The ratio of 
rating to output is 1.15(Ei — E^jEx, 

In the open delta auto-transformer connection, the geometric 
neutrals of the high-voltage and low-voltage circuits do not coincide. 
A difference in potential exists between them at fundamental fre- 
quencyj equal to 0.57 (Ex — JE 2 ), where Ex equals circuit voltage of 
high-voltage lines, E 2 equals circuit voltage of low-voltage lines. If 
the series-winding voltage is 10 per cent of circuit voltage, this dis¬ 
placement amounts to 5.7 per cent of circuit voltage. The effect of 
this displaced neutral depends upon whether the system neutral is 
grounded or isolated. It is possible to ground the neutral of one 
circuit, but not both; for, with both high-voltage and low-voltage 
neutrals grounded, a low-impedance short circuit of neutral displace¬ 
ment voltage results, and a single-phase short-circuit current flows 
through the entire length of the system, returning through the ground 
connections. 

When the neutral of one circuit is grounded, the neutral of the 
other circuit is raised above ground an amount equal to neutral dis¬ 
placement, and this voltage is impressed on the line capacitance of 
the circuit concerned to ground. The resulting capacitance current 
returns through the ground to the neutral, and therefore constitutes 
a residual current which is a possible cause for telephone interference. 

If the system is operated with isolated neutral, the neutral dis¬ 
placement potential is impressed on line capacitances to ground of 
both high-voltage and low-voltage circuits, and results in a residual 
ground current at fundamental frequency between the two circuits. 
Ground potential floats somewhere between the geometric neutrals of 
the two systems, depending upon the relative value of capacitances to 
ground of the two circuits. For example, if the high-voltage line 
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possesses twice as much capacitance to ground as the low-voltage line, 
ground potential will be displaced one-third on the high-voltage 
circuit and two-thirds on the tow-voltage circuit. Equal and opposite 
capacitance currents therefore flow in both circuits into ground. 

It may be assumed that these ground currents are negligible in 
their effect on the power system, but there is the possibility that they 
will result in noticeable telephone interference. 

T Connection. Two single-phase units may also be connected in 
T (Fig. 11) for three-phase service, delivering 86.6 per cent of their 
joint single-phase auto-transformer rating if main and teaser are inter¬ 
changeable, and 92 per cent of their joint single-phase auto-transformer 
rating if main and teaser are not interchangeable. 

In normal three-phase operation, main and teaser currents are the 

same, but the teaser voltage 
is only 86.6 per cent of the 
main voltage, on both high- 
and low-voltage sides. If the 
teaser is designed for this 
voltage only (and without a 
50 per cent tap) it is not 
interchangeable with the 
main, but if it will operate on 
full-line voltage safely (and 
has a SO per cent tap) it is 
interchangeable with the 
main. The main can always 
be substituted for the teaser 
and will operate with a lower 
core density and smaller core loss than as a main. The voltage ratio 
between high and low is the same in the teaser as in the main unit and 
therefore three-phase to three-phase T connection must not be con¬ 
fused with three-phase to two-phase T connection in which the three- 
phase side of the teaser has 86.6 per cent of line voltage but the two- 
phase side has full two-phase line voltage. Thus, three-phase to 
three-phase T connection needs no 86.6 per cent tap, and furthermore, 
unlike the T-Q connection, the two halves of the main need not be 
Interlaced with each other, but each series winding must be interlaced 
with the corresponding (adjacent) shunt or common winding. The 
current in the series windings is equal to the three-phase, high-voltage 
line current, and that in the common windings is equal to the 
arithmetical difference of low-voltage and high-voltage line cur¬ 
rents. 



Fig. 11.—T Connection. 
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Comparison of the Y, Zigzag, Delta, Extended-Delta, Open-Delta, 
and T Connections. 1. A comparison of the relative kv-a. capacities 
required for these connections, for various ratios of high and low line 
voltages, is given in Figs. 12 and 13. Fig. 12 gives the equivalent 
capacity of the auto-transformers in percentage of the load for various 
voltage ratios. Although the relative economy is also seen in these 
curves, a much better idea is obtained from those in Fig. 13, where", 



E 

1.00 0.90 0.80 0.10 0.80 0.50 0.40 0.30 

^2/^1 

Fig. 12. Ratio of Capacity to Output of Various Auto-Transformer Connections. 

using the Y connection as the standard, the excess kv-a. capacity 
required by the other connections is plotted against various values of 
co-ratio. Thus assuming the co-ratio equal to 20 per cent the ratio of 
low voltage to high voltage being 80 per cent, the non-interchange- 
able-T connection requires 7.4 per cent more kv-a. than the Y con¬ 
nection. Next in economy is the extended-delta connection requiring 
11.8 per cent more kv-a. capacity than the Y connection; next in 
economy are the open-delta, double-zigzag, and interchangeable-T 
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connections, each requiring 15.5 per cent more kv-a. capacity than the 
Y connection j and the least economical is the delta connection requir¬ 
ing 29.7 per cent more capacity than the Y connection would require, 
Y connection should therefore be used whenever possible without 
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13 ,—Capacity Required by Various Auto-Transformer Connections Compared 
with Y-Connection, 


trouble with third-harmonic-voltage phenomena. Non-interchange- 
able-T comes next in economy but is seldom used since it requires a 
double spare unit, one main and one teaser. Non-interchangeable 
units are sometimes built as a polyphase unit on a two-phase core. 
Single-phase units are always built interchangeable. 
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2. Comparing the open-delta, double-zigzag and interchangeable-T 
connections, which have the same economy: 

(a) Interchangeable-T has a smaller core loss since the teaser has 
only 86 per cent excitation. 

(5) The double-zigzag has the advantage of being a perfectly 
symmetrical connection, a characteristic desirable at high voltages. 
It is also required for four-wire operation. 

(c) Open-delta connection is always available as an emergency 
connection, and has an advantage over the T connection in that no 
50 per cent tap is required. It may be noted here that although 
open-delta connection of transformers is inferior in economy to the 
delta connection, the reverse is true for auto-transformers, as seen in 
Fig. 13. 

3. The Y and zigzag connections have the advantage of making it 
possible to bring out the neutral, which cannot be done with any one 
of the delta connections. T connection also makes it possible to bring 
out a neutral lead, but in this case high- and low-voltage neutral points 
do not coincide, and hence, if the percentage difference between high 
and low voltages is large, this connection may become undesirable 
or even objectionable. 

4. The various delta connections and the T connection are safe 
from third-harmonic troubles, having an advantage in this respect 
over the Y connection but not over the zigzag connection. In the 
zigzag connection, although a third-harmonic voltage is induced in 
each turn, yet none appears from line to neutral, and the neutral may 
therefore be grounded safe from third-harmonic voltage troubles as 
discussed under Ground Connections.^’ 

5. In parallel operation, the angular displacement between the 
high and low voltages needs consideration. It is zero for Y, double¬ 
zigzag, open-delta, and T connections, but varies for the single- 
extended, zigzag, delta, and extended-delta connections depending on 
the voltage ratio. 

6. Unsymmetrical connections, like open-delta and T, tend to give 
an unbalanced impedance drop and regulation in the different phases 
and would be undesirable, as in transformers connected similarly, 
except for the fact that as a rule regulation in auto-transformers is 
negligible as compared with that in transformers. If, however, the 
auto-transformers are designed with high reactance for short-circuit 
protection, the unbalanced regulation may become appreciable. 
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three-phase to TWO-PHASE TRANSFORMATION 

Various auto-transformer connections are available for transform¬ 
ing from three-phase to two-phase, or vice versa. The more important 
ones are shown in Figs. 14 to 19 inclusive, giving also the currents and 
voltages in the various parts of the windings. 



Current Relationships in Four-wire T Connections, 

Owing to the electrical interconnection between phases, the follow¬ 
ing limitations in application should be noted. 

1. Auto-transformers should not be used where it is desired to 
maintain isolation between the two phases. 




Current Relationship in Three-wire L Connections. 

2. Auto-transformers can be used only on those two-phase systems 
in which the phases are otherwise isolated from each other or in which 
the connection between phases or any of its connected apparatus cor¬ 
responds precisely to that of the auto-transformer. 

As an example of the method of analysis, the T or Scott connection 
may be considered (Fig. 14). 
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Starting with the two-phase line voltage, £ 2 : three-phase line 
voltage £ 3 ; two-phase line current, J 2 ; and three-phase line current 
/s, which equals I 2 E2/.S66E3 ; the following relations will be evident. 

Teaser: 

Voltage on the three-phase side = O.S66E3 
Voltage on the two-phase side = £2 
Current in the series winding = /a = / 2 £ 2 /. 866£3 
Current in the common winding 
= l2 - h = 12(1 - 1A55E2/Eb) 


Main: 

Voltage on the three-phase side = £3 

Voltage on the two-phase side = £2 

Current in the series winding — I 3 = l 2 E 2 /-S 66 Es 

Current in the common winding 


= ^ 2 Jl -2~ + 1.333 
’ £3 



The last equation is not self-evident, and it may profitably be 
derived in greater detail. 



Current Relationships in Three-wire L Connections. 


The common winding of the main unit carries not only the current 
of the load of the main but also the current of the teaser. Now, 
whenever it is necessary to combine currents of different phases it is 
preferable to deal with the two-phase currents rather than the three- 
phase currents, because, first, combinations at 90° are easier to cal¬ 
culate than those at other angles, and secondly, addition or subtrac¬ 
tion at 90° gives the same result but not so at other angles. In 
dealing with two-phase currents, therefore, it makes no difference for 
the numerical value whether they are added or subtracted (vector!ally), 
but with three-phase currents care must be taken to determine whether 
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the currents are to be added or subtracted as otherwise the result will 
be different. ^ 

Assuming balanced two-phase load, the current in the main due to 
the load across the main is: 

Series winding = I 2 X £ 2/^3 

By ratio, common winding = I 2 X (£3 — 

Teaser current due to the teaser load: 

Series winding — I 2 X -£ 2 /.866£3 

This current divides in two in the main, and, therefore, adding 
half of this current at right angles to the current due to the load across 
the main, we have for the main unit: 

Current in the series winding 

Current in the common winding 



Analyses of various three-phase to two-phase connections are shown 
in Figs. 14 to 19, inclusive. The analyses are made from the two- 

phase sicle, and all the coil currents are 
expressed in terms of the two-phase line 
currents. The two-phase connection 
may be either four-wire T connection or 
three-wire L connection. 

An interesting case in these connec¬ 
tions is when the teaser kv-a. equals 
zero. Then the teaser can be entirely 
omitted, the connection reducing itself 
to that shown in Fig. 20. This condi¬ 
tion occurs with four-wire two-phase 
connection when the two-phase line volt¬ 
age is 86.6 per cent of the three-phase line voltage; and with three- 
wire two-phase connection when the two-phase line voltage is 122 per 
cent of the three-phase line voltage. 






jIAA vil, S,=0.B 6SE, 






Fig. 20. —Phase Transforma- 
tion with a Single Auto¬ 
transformer. 


THREE-PHASE TO TWO-PHASE TRANSFORMATION 


255 


The ratio of the rating to the output of units in these connections 
is shown in Figs. 21 and 22. The ratings of main and teaser are shown 
separately and are not alike. However, single-phase units are usually 
built with main and teaser interchangeable, and then the teaser is 
given the same kv-a. rating as the main with one 50 per cent and one 
86.6 per cent tap, and the main is equipped with an 86.6 per cent tap 
to be interchangeable with the teaser. With interchangeable units, 
the kv-a. rating of the bank is twice the kv-a. rating of the main as 
given in Figs. 21 and 22. 



Fig. 21. —Physical Capacity of Auto-transformers in Three-wire Three-phase to 
Four-wire Two-Phase Connection. 

Polyphase units are sometimes built for two-phase to three-phase 
transformation on a two-phase core, and then main and teaser are 
made non-interchangeable to realize the maximum economy in 
material. 

Although the interchangeability of main and teaser has the advan¬ 
tage in practice of requiring only one spare unit instead of two, in 
certain range of voltage, this scheme is less economical than making 
main and teaser dissimilar, and duplicating both for spare units. 
Thus, referring to Fig. 21, for four-wire two-phase operation, if 
the two-phase voltage is 0.7 of the three-phase voltage, the re¬ 
quired kv-a. for interchangeable and non-interchangeable units are 
as follows: 
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Interchangeable Units 
Per Cent 


Main. 

. 21.2 

Teaser. 

. 21.2 

Spare. 

. 21.2 


63.6 


Non-Interchangeable Units 
Per Cent 


Main. 

. 21.2 

Teaser. 

. 9.5 


30.7 

Spare. 

. 30.7 


61.4 



Fig. 22. —Physical Capacity of Auto-transformers in Three-wire Three-phase to 
Three-wire Two-phase Connection. 


Thus, in this case, non-interchangeable units with two spare units 
require a smaller kv-a. than the interchangeable units with one spare 
unit. 


THREE-PHASE TO SIX-PHASE TRANSFORMATION 

Figs. 23a, 23&, and 23c show schemes of connection for transforming 
from three-phase to six-phase, or vice versa, by means of auto-trans¬ 
formers. The neutrals must be connected together, otherwise the 
connection will not operate. The currents in the different parts of the 
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windings are indicated in terms of I 3 and Igi ^3 representing the three- 
phase line current, le the six-phase line current, 

kv-a. X 1000 

1.73 X three-phase line voltage 
kv-a. X 1000 

3 X six-phase diametric voltage 



Fig. 23. —Three-phase to Six-phase Connections. 


Fig. 23c shows the special cases in which the three-phase line voltage 
is 86.6 per cent of the diametric voltage. 

The ratio of capacity to output for various voltage ratios is as 
follows: 


Capacity 

Output 


77 77 

1 — 0.866 —^ when < 0.577 

Ez Ez 


= 1 


0.577 —- when —^ > 1.155 
Eq Ez 


or 


< 0.866 
Ez 


In operating two or more converters in parallel with the d-c. sides 
connected to the same bus bars, it is inadvisable to use auto-trans- 
lormers for more than one converter if the auto-transformers are to be 
HU|)plied from the same a-c. bus bars. Owing to the low impedance 
nf auto-transformers and the metallic connection between the con¬ 
verters on both the d-c. and the a-c. sides, if auto-transformers are 
HHcd, large circulating currents are likely to flow between the con- 
V(-*rters through the auto-transformers. In such cases, auto-trans- 
lurmers may be used for one converter, and transformers for the rest. 
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MOTOR-STARTING AUTO-TRANSFORMERS 

4 

(Starting Compensators) 

Practically all a-c. motors except the fractional horsepower motors 
are started at reduced voltage to reduce their starting current. The 
auto-transformer serves this purpose very effectively and very eco¬ 
nomically. The economy feature is greatly enhanced by taking 
advantage of the fact that the duty on the auto-transformer is inter¬ 
mittent and of very short duration on each occasion, for which reasons 
the core and the copper are generally designed with considerably 
reduced cross sections and operated at higher densities than in units 
for continuous duty. An upper limit is set to the flux density in the 
core by the heating of the core and by the rapid increase of the exciting 
current by saturation, as this current may be large enough to be a factor 
in the heating of the winding. An upper limit is set to the current 

density in the conductor by 
the permissible temperature 
rise of the winding and the 
curve of the duty cycle. The 
duty cycle is generally similar 
to that shown in Fig. 24. 
Given such a current-time 
curve, its r.m.s. value for the 
duration of the sequence of 
operations is determined, and 
from it the heating of the 
winding is calculated conservatively by ignoring heat dissipation from 
the winding during that short period. Sufficient copper section is 
provided to limit the temperature rise to the temperature limits set by 
the A.I.E.E. for the type of insulation used. If the starting duty 
recurs at very close intervals, it has to be taken into account in the 
heating calculation. 

Connections, (a) Standard Connection, Fig. 25a shows one wire 
diagram of the simplest case with a single tap. Breakers Mj and S 
are closed; when the motor comes up nearly to rated speed, the 
breakers M and S are opened, and the breaker R is closed, throwing 
the motor directly across the lines. 

(b) One-Tap Korndorffer Connection, Fig. 2Sh shows an arrange¬ 
ment whereby the starting is accomplished in three stages, with a 
single auto-transformer tap: 

Stage 1, Breakers B and S closed, R open. This excites the nuto- 



Fig. 24. —Typical Duty Cycle on a Motor¬ 
starting Auto-transformer. 
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transformer and impresses tap voltage on the motor to start it from 
standstill. 

Stage 2. Breaker S opened, leaving B closed, R open. This takes 
the excitation off the auto-transformer and makes it operate as a 
reactor in series with the motor across the line voltage. The auto¬ 
transformer consumes some voltage as a series reactor, and therefore 
the motor is not subjected to the full line voltage yet. 

Stage 3. Breaker R closed. This short-circuits the series reactor, 
and puts the motor directly across the line voltage. 


Legend of Circuit Breakers 
B - Line S — Starting 

M - Magnetizing R - Running 



(ii ^ - Standard Cannscthn ( 6 ) - One-Tap Korndorffer Connection 

S, 


(c) - Two-Tap Korndorffer Connection 

Fig. 25. —Sequence of Steps in Switching a Motor in Accordance with Korndorffer 

Scheme. 

{c) Two-Tap Korndorffer Connection, This is illustrated in 
Fig. 25^:. The sequence of operations is: 

Stage 1, Breakers B and Si closed, R open. This impresses 
minimum tap voltage on motor. 

Stage 2. Si opened, 52 closed. This raises the motor voltage. 
Stage 3, S 2 opened. This makes the auto-transformer a reactor 
in series with the motor across the line. 

Stage 4. R closed. This puts the motor across the line without 
series impedance. 



















































CHAPTER IX 


THERMAL CHARACTERISTICS OF TRANSFORMERS 

By V, M. Montsinger 

THERMAL BASIS OF TRANSFORMER RATING 

Significance of Temperature in Transformers. Heating as the 
Sole Limit to Output. Temperature is a far more controlling factor in 
transformers than in many other types of apparatus. In a motor, 
the pull-out torque may set a limit to the maximum possible load; 
in a d-c. generator, commutation troubles may establish a limit; in a 
transformer, however, no such limitation exists; and, therefore, 
maximum permissible loading of the transformer is limited entirely 
by its temperature. The reason for this is not difficult to see. Since a 
transformer has no continuously moving parts, its life depends exclu¬ 
sively on the life of its insulation; and, as insulation deterioration is a 
function of its temperature, the importance of temperature in trans¬ 
formers becomes evident. 

It is for this reason, therefore, that'the continuous kv-a. rating of a 
transformer is conventionally based on a specified temperature rise; 
that, when the load is variable, permissible duty cycles are computed 
based on the resulting temperature rise of the transformer; and that, 
when the load is irregular or under other special conditions, the safety 
of the transformer is best guaranteed by controlling its loading based 
on its temperature. Accordingly, we shall discuss in this chapter the 
effect of temperature on insulation, safe temperatures, methods of 
cooling, transformers, calculation of temperature rise under various 
conditions of cooling and loading, and recommendations for safe 
loading of transformers by temperature. 

Effect of Temperature on Fibrous Insulation. Dielectric Strength. 
Many laboratory tests have shown that the dielectric strength of most 
fibrous insulations is not lowered until the materials have become 
quite badly charred. In fact, careful laboratory life tests made on 
insulation immersed in oil show that a marked increase in dielectric 
strength results at the start, owing to removal of the last traces of 
moisture which are essential for mechanical strength. As the test 
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progressed the dielectric strength began to decrease slowly, but did 
not fall below its initial value until practically all its mechanical 
strength was gone. It is for this reason that it is not possible to use 
the dielectric strength as a criterion of the life of transformer insula¬ 
tions. 

The foregoing facts regarding the dielectric strength of insulation. 



Fig. 1.—Aging Curves for 0.012 in Yellow Varnished Cambric. 


though interesting from a theoretical standpoint, do not constitute an 
adequate basis for arriving at conclusions relative to proper operating 
temperature for transformers or their degree of aging. During line 
short circuits, transformers and their insulation are subjected to large 
mechanical forces; and, if the insulation is weakened sufficiently to 
fail mechanically under these forces, electrical failure and internal 
short circuit or complete burnout follow. Transformers which have 
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operated with badly charred insulation could not have withstood severe 
short circuits during that period. 

Mechanical Strength. Tftat mechanical strength is of controlling 
importance has been revealed not only by experience in service but 
also by laboratory research on the mechanical deterioration of fibrous 
insulation (such as is used in transformers) due to temperature. 

This research shows (1) that all fibrous insulating materials 
deteriorate mechanically when subject to high temperature, the rate 
of deterioration being a function of both time and temperature; 
(2) that the material becomes discolored, loses its flexibility, and at 
excessive high temperatures it becomes very brittle and carbonized; 
and (3) that this deterioration takes place more rapidly when the 
material is immersed in transformer oil than when immersed in air. 



Fig. 2, —Effect of Temperature on Mechanical Deterioration of Class-A Insulation In 
Oil. (Replotted from*curves in Fig. 1.) 


The average results of laboratory tests indicate that the rate of 
mechanical deterioration is doubled for every 8° C. increase in tem¬ 
perature. This rule is illustrated in the following curves: 

Fig. 1* gives the results of a 70-week laboratory test to determine 
the effect of temperature on the mechanical deterioration (tensile 
strength) of yellow varnished cambric immersed in oil and in air, 
On the basis of these data, Fig. 2 shows the time required to cause 
various percentages of deterioration at 90, 100, and 110° C. with 
extrapolated (dashed) lines to the “ time ” to cause complete destruc¬ 
tion at these temperatures. 

Fig. 3 shows the time to cause complete destruction at tempera¬ 
ture ranging from 80° to 130°, the straight line being drawn through 

* Reproduction of Fig. 6 in Ref. 1. 
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the three points given in Fig. 2. Note that at 100° C. the time is 
570 weeks (11 years) whereas at 108° C. the time is 285 weeks (5.5 
yi^ars). 

It is well to point out that the life of insulating materials, as deter¬ 
mined by folding and bursting tests, is very much less than the life 
shown by tensile tests. In fact, the life is so short that it is not felt 
that folding and bursting tests can be used as a criterion of the life of 
transformer insulations. 

Similar curves have been observed on cable paper aged in air 



I' iG, — Time to Cause Complete Mechanical Deterioration (Determined by Tensile 
Strength Tests) of Class-A Insulation (Varnished Cambric) in Oil. 

(Replotted from Fig. 2.) 

Equation: t = 372 X 


(I' ig. 8 in Ref. 1), and these data also show that the rate of aging 
)ltnil)I(*s approximately for every 8° C. increase in temperature. 

'The importance of maintaining the insulation temperature at 
UKMli'i'ate values is shown by Fig. 3. 

Effect of Temperature on Oil. The effect of temperature on oil 
i'\|)os(‘(l to air is to gradually oxidize and discolor it. This takes place 
lit a i’a])idly increasing rate with increase in temperature. This dis- 
(uloralion is due to the formation of sludge as a product of the oxida¬ 
tion of the oil. The sludge is deposited upon the surfaces of the wind- 
itigM and core, and thereby the flow of heat from the interior of a 
ttaiiHfornier is retarded. The retardation of heat transfer increases 
I lie internal temperature, which in turn hastens the deterioration of 
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the insulation. For this reason, the condition of the oil should always 
be carefully observed and its quality maintained within safe limits. 

As the sludging of oil* is primarily an oxidation phenomenon, 
exclusion of air from the oil greatly retards sludge formation. Con¬ 
servators and inert-gas cushion tanks have been developed for this 
purpose. 

As the inspection and reconditioning (filtering) of transformer oil is 
a relatively simple matter, and can be undertaken without the inter¬ 
ruption of the load, therefore, oil deterioration need not be a control¬ 
ling factor in the limitation of the life and rating of the transformer. 

High Temperatures for Short Periods. The selection of the per¬ 
missible maximum safe operating temperatures for transformers would 
be comparatively simple indeed if transformer insulations possessed a 
critical temperature above which very rapid deterioration took place, 
and below which no deterioration took place. However, in view of 
the fact that deterioration takes place practically at all temperatures, 
and that the amount of deterioration is an inverse function of time, it 
is impossible to fix the exact allowable temperatures above which 
transformers should not be allowed to operate. It follows, therefore, 
that insulation can be safely subjected to relatively high tempera¬ 
tures provided that their duration is sufficiently short. It is this fact 
which enables transformers to carry safely for a few seconds short- 
circuit currents with attendant temperatures as high as 250° C. Also 
it is permissible to operate transformers, at frequent but short inter¬ 
vals, at temperatures not advisable for continuous operation. At 
infrequent intervals, such as emergencies, transformer insulation can 
be subjected to still higher temperatures without serious reduction of 
life. 

On the basis of these facts the A.I.E.E. recommended ^ (the 
recommendations are now under consideration by the American 
Standards Association *) various overloads for recurrent as well as 
emergency conditions ranging in time from a few seconds (short 
circuit) to continuous operation, as given later in this chapter. 

Temperature Standards in Transformer Rating. In view of the 
fact that a critical temperature does not exist in the deterioration 
characteristics of insulation, any temperature standards set up for 
transformer rating and operation have to be based on experience with 
transformers in service and also to some extent must be arbitrary, 
reflecting the average of the opinion of the standardizing body. In 
any case, such standardization offers a reasonably safe guide to trahs- 

* Staadards under trial and use as proposed American Standards for Traiisfornicri, 
Regulators, and Reactors. 
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former operation, and a rational common basis for the comparison of 
llie cost and performance characteristics of units of different design 
or manufacture for the same service. 

According to A.I.E.E. Standards, the hottest spot temperature 
limit for Class A insulations (immersed in either air or oil) is 105° C. 
for continuous operation. 

It is assumed that the average temperature of the windings is 
10° C. less than the hottest spot. An upper limit of 95° C. was, 
therefore, set for the average temperature as determined by the 
ri'sistance measurement of the entire winding. 

Assuming that, for oil-immersed air-cooled transformers, the 
jiiiil)ient may be as high as 40° C., the permissible temperature rise of 
the transformer above its ambient becomes limited to 55° C., for 
roiilinuous operation. This, 55° C. rise above ambient, has been the 
iicc'i'pted basis for the kv-a. rating of continuous rated transformers 
wiiu'c 1913; that is, the kv-a. rating of a transformer is that maximum 
loud which it can deliver continuously without exceeding this temper- 
III lire rise. 

'This temperature rise gives a convenient and uniform basis of 
lulling, and transformers designed and rated in accordance therewith 
liiive been in successful operation for many years. This excellent 
hcrvice record, however, may be largely due to two facts: (1) that the 
11 ml lion t temperature for transformers is generally much below the 
itMHumod upper limit of 40° C.; and (2) that transformers are not 
noiiorully operated at full rated load continuously. It follows that 
(lio oxcollent life record of transformers cannot be accepted as con- 
I evidence of their suitability to operate continuously at full 

tniid with a 40° C. ambient, or at an actual hot-spot temperature of 
10, S" ('. regardless of the ambient. What the general experience, and 
iilhn soiiK^ careful observations conducted for several years, have 
pKived is that continuous full load operation with 55° C. rise above 
iimbii'nl is satisfactory for the average operating conditions, in which 
I lie iivi'rage winding temperature seldom exceeds 85° C. for any 
iipprei iiible length of time. In the rare cases in practice where a 
'10" (iiinliient has coincided with continuous rated load, it has 
lireii Ibuml that the life of the transformers has been shorter than 
r S|iitOm|. 

< h) neeonnt of the foregoing reasons, the American Standards being 
MpmiruMed by the American Standards Association makes the con- 
Hmimmih niieriilion of a self-cooled transformer with 55° C. rise contin- 
nil a daily average ambient temperature not exceeding 30° C. 
jliiiilnul of 40° C.). This rule still permits rated load in ambient 
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temperature up to 40° C. for a few hours a day, provided that the 
average value does not exceed 30° C. 

In the proposed Standards referred to above, the rating of water- 
cooled transformers is based upon a 25° ambient (ingoing water) 
temperature, the same as that specified by the A.I.E.E. Standards. 
The difference of 5° C. in the average temperature limits for water- 
cooled and self-cooled transformers is a logical one, for the reason that 
the effectiveness of the cooling medium (circulating water) in water- 
cooled transformers is more likely to be impaired (by incrustations on 
the surface of the cooling coils, for instance) than that for self-cooled 
transformers. 

Needless to say, temperature limits today for oil and Class A insu¬ 
lation may not be a limit tomorrow, for the reason that manufacturers 
are constantly endeavoring to make these materials more heat resisting. 

Permissible Outputs above Rated Kv-a. That the ability of a 
transformer to deliver load has to be measured and specified in terms 
of a kv-a. rating, and that such rating should be based on certain 
standardized thermal conditions, are obvious. It does not follow, 
however, that an output in excess of the kv-a. rating may never be 
drawn, any more than that an output equal to this rating may safely 
be drawn under any condition. Since temperature is the only limita¬ 
tion to output, therefore, in those cases in which the load is not 
uniform and continuous, it is permissible to load a transformer guided 
by its actual temperature instead of by ks nameplate rating. Recom¬ 
mendations for this type of operation of a transformer are given later 
in this chapter under the subject of "Guide for Operation of Trans¬ 
formers.” 


TYPES OF TRANSFORMERS 

• The more common types of transformers, with respect to the 
method of cooling, are: 

1. Dry—self-cooled. 

2. Oil-immersed—self-cooled. 

3. Oil-immersed—^water-cooled. 

4. Oil-immersed—forced oil. 

5. Oil-immersed—forced air. 

6. Air-blast. 

The following gives in brief when and why these different methods 
of cooling are used. 
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Natural Draft—Air-Cooled. For small units where the surface 
per unit volume is sufficient to keep the internal temperature within 
safe limits, the cooling is sometimes accomplished by natural draft. 
This method of cooling is usually confined to about 50 kv-a. sizes and 
less, and not over 600 volts, although, with well-ventilated windings, 
units as large as 200 kv-a. have been built. However, distribution 
transformers, even below 10 kv-a. sizes, are mostly of the oil-immersed 
type on account of the smaller physical size and the great dependability 
of the oil-immersed type. 

Since the cooling surface increases as the square of the size, while 
the volume, and consequently the losses, increase as the cube, the 
point is soon reached where the natural surface of the core and wind¬ 
ings will not take care of the losses, and other means of cooling must 
be provided. 

Oil-Immersed—Self-Cooled. The simplest means of providing 
additional cooling surface consists in immersing the transformer in oil 
contained in a smooth case or tank. Above sizes of approximately 
25 kv-a., it becomes uneconomical to provide smooth tanks with 
large enough area to dissipate the heat. In other words, the size of 
the case would be considerably larger than necessary to house the 
transformer. One of the first means of providing additional surface 
without increasing the volume, adopted early in the history of trans¬ 
formers, was the well-known sinusoidal corrugation. This enables 
the tank surface to be increased several fold for a given envelope but 
the heat dissipated does not increase in proportion to the increased 
surface as explained later. 

When more surface than can be economically produced by cor¬ 
rugation is required, it is generally provided by means of either 
external metal tubes welded into the sides of a plain tank or by 
external radiators attached to a plain tank. 

Oil-Immersed—Water-Cooled. When the cost of water is not 
prohibitive and especially when the units are very large, making it 
expensive to provide sufficient cooling area by means of radiators, etc., 
on self-cooled tanks, the cooling is usually accomplished by means of 
circulating water through spirally wound copper cooling coils assembled 
inside of a smooth tank. By the use of jointless cooling coils, water- 
cooled transformers are made to operate very satisfactorily, as trouble 
is seldom experienced from water getting in the oil. This method of 
cooling is very effective and, from the standpoint of first cost, for 
large units, is the least expensive of any method utilized. Consider¬ 
ing, however, that a certain amount of care is required in watching 
the cooling water it is often desirable to use self-cooled transformers 
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even though the initial cost is somewhat greater. Water cooling as 
described above seems to be mostly an American practice as most 
European companies use th^ forced-oil method. 

Oil-Immersed — Forced-Oil-Cooled. When water cooling is 
desired, and the impurities in the water make it difficult to maintain 
a fixed circulation in the cooling coils of water-cooled transformers 
owing to incrustation, and where conditions are favorable, forced-oil 
cooling is sometimes used. 

In the forced-oil method the oil is generally drawn out of the main 
tank by means of a pump and forced through cooling coils which are 
immersed either in another tank filled with water or in the tail race 
of a dam. The main advantage of forced-oil cooling over water cooling 
is that, if a leak occurs in the cooling coil, the oil, being under a greater 
pressure than the water, would flow into the water instead of the water 
flowing into the oil. Forced-oil-cooled transformers are generally 
more expensive than the water-cooled type. In certain applications, 
however, where minimum weight and volume are highly essential, as, 
for instance, in oil-immersed transformers used on electric locomotives, 
the oil is definitely directed over all winding surfaces producing 
turbulent flow, and then the coil constants (watts per square inch) 
can be worked at a much higher value than where the oil is not directed 
over the winding surfaces. 

Oil-Immersed—Forced Air. For certain load conditions air is 
forced over the surface of radiators of self-cooled oil-immersed types 
of power transformers. 

By forcing the air circulation the kv-a. capacity is increased 25 to 
33 per cent above the self-cooled rating. 

Air-Blast Transformers. The Fire Underwriters’ Rules prohibit¬ 
ing the use of inflammable oil in large cities has resulted in the modern 
air-blast type of transformer which has been built in single units as 
large as 18,500 kv-a. This type, however, is usually more expensive 
than either the self-cooled or the water-cooled type and generally 
would not be used if it were not for the restrictions placed upon oil. 
Owing to the poor insulating qualities of air at atmospheric pressure 
it is not practical to build air-blast transformers for line voltages 
higher than about 25,000 volts. 


MODES OF HEAT TRANSFER 

The thermal problem of maintaining the internal temperature of 
the transformer, within permissible limits, is concerned not merely 
with the superficial aspect of disposing of the heat from the various 
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transformer external surfaces, but also with the transfer of heat from 
the interior of the windings. 

Heat is transferred by any or all of three methods, namely, con¬ 
duction, radiation, and convection. In dealing with the transfer of 
heat from transformer windings to the cooling ambient each method 
of heat transfer must be treated separately. Conduction plays the 
least important role and convection the most important. 

Although the three methods of heat transfer may be expressed 
by simple formulas it should be understood that neither these nor any 
other heating formulas can be derived by rigorous mathematical 
treatment. At best, about 90 to 95 per cent of them are empirical. 
Even where part of the formula is subject to exact mathematical 
treatment, as, for instance, the Stefan-Boltzmann law for the radia¬ 
tion of heat, which states that the heat transfer varies as the differ¬ 
ence of the absolute temperatures, raised to the fourth powers, two 
empirical constants must be used. 

For practice purposes, however, these empirical equations serve 
their intended purpose very well. 

Conduction. The heat transfer through any given substance by 
conduction is proportional to the temperature difference and inversely 
proportional to its thermal resistivity. The conductivity of a material 
is, of course, the reciprocal of its resistivity. 

The formula can be expressed 


Ae 

(1) 


LR 

HRL 

(2) 



where H = watts loss passing through the material. 

A — area of surface in square inches. 

L = length of travel in inches. 

B — temperature difference in degrees Centigrade. 

R = thermal resistivity of the material; i.e., the temperature 
difference which must exist between two opposite sur¬ 
faces of a 1-in. cube in order to conduct 1 watt through 
the cube. 

The thermal resistivities of water, air, and materials commonly 
used in transformers are given in Table I. 
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TABLE I 

Thermal Resistivities Materials Used in Transformers 

Thermal Resistivity 

^ _ n 


Material i" °C./watt/ir.“ 

Water. 

Air.. 1710 

Transformer oil. 

Copper (pure) . 0 0896 

Copper (commercial). 

Iron (wrought). 

Iron (cast). 0.984 

Steel (core laminations with grain). 2.50 

Steel (core laminations across grain). 25.0 

Aluminum. 0.30 

Mica.". 

Pressboard (untreated). 400-500 

Pressboard (oil treated). 274-350 

Varnish cambric (sheet form). 200-250 

Varnish cambric (tape i lap wraps). 250-300 

Concrete and Porcelain. 


The above deals with the condition where no heat is generated in 
the material through which the heat is passing. This simple condi¬ 
tion does not always obtain in a transformer. For example, in trans¬ 
former cores heat is generated by virtue of the core loss uniformly 
along the path of heat travel. 

This complicates the problem of calculating maximum internal 
temperature or the thermal drop along the path of the heat Bow, and 
consequently Equation (1) does not apply to this case. 

For the condition where heat i$ being generated uniformly in a 
core the following equation can be used to calculate the thermal drop 
along the laminations (assuming that no heat escapes across the 
laminations). 

fwx X^\ .-V 

-t) ® 

where S = temperature rise at any point at distance X in inches from 
edge of the sheets. 

H = watts per inch^ of solid material (i.e., material having unity 
space factor). 

R = thermal resistivity. 

S = space factor. 

W = width of sheet in inches. 
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If the two sides are under similar cooling conditions the maximum 
Icinperature is at the center where X = W/2^ whence 


= HRS — 


( 4 ) 


ICx/VMPLE 1. Given an insulating material 3^ in. in thickness with an area of 
10 M(i. in. and with a resistivity of 250, what is the temperature drop when 5 watts 
ItIV passing through the material (no loss generated in the material)? 


lly Equation (2) 


5 

e = - 


X 250 X 0.5 
10 


62.5° C. 


ICxAMPLE 2. Given a packet of core laminations 20 in. in width with a resis- 
llvily of 2.5, what is the maximum temperature drop from center to surface where 
,S' - O.y, the loss generated in the material being 0.25 watt per inch cube, and where 
tin heat flows at right angles to the laminations? 


lly Equation (4) 

^max. “ 


0,25 X 2.5 X 0.9 X 20^ 
8 


28.08° C. 


So far it has been assumed that the flow of heat by conduction is 
111 rough an area of uniform cross section in the direction of the heat 
How. 

Cables. When the loss in a round cable conductor must pass 
III rough a band of surrounding insulation the temperature drop per 
nil it thickness of insulation is greatest near the surface of the con- 
(liK'lor and decreases as the distance from the conductor increases as a 
iPHiill of the increasing cross section of the insulation. 
l\)V this condition the following formula applies: 

Ti = ^dPiRloge^ ( 5 ) 

2 a 


Whr|(‘ Ti 

R 

Pi 

d 

D 


total temperature drop through the insulation in degrees 
Centigrade. 

thermal resistivity in degrees Centigrade/watt/inch.^ 
watts per square inch on outside of bare conductor, 
diameter of bare solid conductor in inches, 
diameter of insulated conductor in inches. 


II 


L = 


length of conductor: 

Pi = 


Watts 

irdL 
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When L = i in. and if R = 200, 

# Ti 

if we let P = watts per 1000 ft. 

Ti 

Radiation. The transfer of heat by radiation takes place by 
virtue of the fact that all bodies raised to a temperature above their 
surroundings radiate heat energy in the form of waves. The maximum 
energy radiated at any given temperature occurs at one wave length; 
but, as the temperature increases, the point of maximum energy shifts 
to shorter wave lengths. In general, the maximum energy area lies 
within the infra-red spectrum. 

It has been proved mathematically * that the area effective for 
radiation is the outside envelope of a surface irrespective of its shape. 
That is, for a tank, composed of either corrugations or of a plain surface 
to which radiators are attached, the true radiating surface is the 
product of the height and the length of a taut string drawn around the 
envelope. This is true, however, only where the color of the surface 
has an emissivity factor of unity, as, for instance, a perfect black or 
mat surface. If the emissivity factor is considerably less than unity 
the effective radiating surface is less than the envelope area multiplied 
by the emissivity factor, on account of reflections and reradiations 
taking place between the walls of the convolutions. However, the 
emissivity of most paints used in practice is quite close to unity, 
generally about 0.90 to 0.95 as shown later. For practical purposes, 
therefore, it is safe to assume that the effective radiating surface is 
the outside envelope. 

The transfer of heat by radiation is expressed by the Stefan- - 
Boltzmann law: 

Wr = KE{T2^ - Ti^) (7) 

in which Wr = watts per square inch of surface. 

K = 3.68 X 10-11. 

E = emissivity factor. 

T 2 — hot body temperatures in absolute degrees. 

Ti = ambient or surrounding wall temperatures in absolute 
degrees. 

* Elektrotechnische Zeitschrift, January, 1923, by Rud, Kuchler. 


100 , D 

-X Watts X log. — 

d 


D 

0 . 00612 P logio V 

d 


( 6 ) 
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The emissivity factor as applying to various metal surfaces and 
colors of paints used in transformer tanks is given in Table III. 
Fig. 4 shows the transfer of heat by radiation versus temperature rise 
in various ambient temperatures for an emissivity factor of 0.95. 



, Fig. 4.—Transfer of Heat by Radiation. 

Up to 75° C. rise in zero ambient, Equation (7) can be very closely 
approximated by the simple logarithmic formula: 

Wr = i^E0i-i7 (8) 

where Wr = watts per square inch. 

K = 1.84 X 10“^ for an ambient of 0° C. 

B = temperature rise, degrees Centigrade. 

E = emissivity factor. 

Referring to Fig. 4 it will be seen that the loss Wr increases approxi¬ 
mately 1.1 per cent for each degree increase in the room temperature 
from 0° to 50° C. Taking an average ambient of 25° C. where the 
exponent is 1.19, Equation (8) can, therefore, be rewritten: 

Wr = 1.84 X 10-3 01-19 £ (l -f (9) 

where 6 a = ambient temperature in degrees Centigrade. 
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Table 11 shows in tabular form the comparison of the watts per 
square inch transfer as calculated by Equations (7), the exact formula, 
and (9), the empirical formula, for limited ranges in temperature rise 
in 0, 25, and 50° C. ambients and E = 0.95. 


TABLE II 

Watts Radiated per Square Inch of Surface —E = 0.95 



0° Room 

25° Room 

50° Room Temp. 

Temper¬ 

ature 

Rise 

X. 







By Equations 

By Equations 

By Equations 


(7)* 

(9) 

(7)* 

(9) 

(7)* 

(8) 

10 

20 

0.0295 

0.063 

0.0272 

0.0635 

0.0355 

0.081 

0.0346 

0.0810 

0.0434 

0.1029 

0.0435 

0.0985 

40 

60 

0.1417 

0.237 

0.142 

0.232’ 

0.181 

0.298 

0.181 

0.296 

0.220 

0-367 

0.220 

0.360 

80 

100 

0.348 

0.485 

0.337 

0.420 

0.442 

0.607 

0.430 

0.535 

0.547 

0.74 

O.S22 

0.650 


• Exact formula. 


The comparison of Equations (7^ and (9) in Table II shows that 
for temperature rises below 80° C. Equation (9) can be used. Above 
80° C. rise Equation (7) should be used. 

The emissivity factor E is always less than unity, being uhity for 
the ideal black body only, and zero for a body that radiates no heat. 
Lampblack approaches the first and polished silver approaches the 
latter figure. 

Although the emissivity factor changes over a wide range in tem¬ 
peratures, fortunately it changes very little within the range of 
temperatures in which transformers operate, 0 to 100° C., and it is 
satisfactory to consider E as having a constant value for any given 
color. These values of E are designated as “ low-temperature ” 
emissivities. They are given in Table III. 

Air density has no effect on heat transfer by radiation. 

Convection. When a heated surface is immersed in a fluid, heat 
is conducted from the surface to the cooler medium. An increase in 
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TABLE III * 

Low-Temperature Total Emissivities 


Silver, highly polished. 0.02 

Platinum, highly polished. 0.05 

Zinc, highly polished. 0.05 

Aluminum, highly polished. 0.08 

Monel metal, polished f. 0.09 

Nickel. 0.12 

Copper. 0.15 

Stellite. 0.18 

Cast iron. 0.25 

Monel metal, oxidized. 0.43 

Aluminum paint. 0.55 

Brass, polished. 0.60 

Oxidized copper. 0.60 

Oxidized steel. 0.70 

Bronze paint. 0.80 

Black gloss paint. 0.90 

White lacquer. 0.95 

White vitreous enamel. 0.95 

Asbestos paper. 0.95 

Green paint. 0.95 

Gray paint. 0.95 

Lampblack. 0.95 


* These data are the result of investigations made by the National Bureau of Standards, the British 
National Physical Laboratory, the General Electric Research Laboratories, and several eastern universities, 
and were collected by Mr. W. J. King of the General Electric Company, 
t Questionable because of scant or inconsistent data. 


the fluid temperature decreases its density. This produces circulating 
currents which carry away the lighter fluid, which in turn is replaced 
by the heavier fluid. Thus a continuous process is set up. 

Various attempts have been made to analyze mathematically the 
mechanism of convection, that is, to explain just what is occurring in 
the process of convection, but without complete success. 

Langmuir first attacked the problem, proposing the film theory, 
which is that the heat is conducted from the hot body through a film 
of stagnant air (approximately 0.45 cm. in thickness at sea level) 
adhering to the surface and thence is carried away by convection 
currents. 

Later this work was taken up by C. W. Rice,^* * who attacked the 
problem of determining the film thickness using the dimensional 
method of analysis. His work, supplemented later by W. J. King,^ 
though partly empirical and partly theoretical comes nearest to 
explaining what is going on during the process of convection. The 
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general equation developed for transfer of heat by convection in gases 
and liquids is of the form: 


p^g^CpL^e \ 
pk / 

where h = surface heat-transfer coefficient, 


hL 

k 


{9a) 


Btu 


(hr.)(sq.ft.)(°F.) 

L = characteristic linear dimension of body (diameter of wire, 
height of plane), feet. 

7 1 • ■ r n . 7 Btu 

k - conductmty of flmd, 

p = density of fluid, Ib./cu. ft. 
g = acceleration of gravity, ft./hr.^ (4.17 X 10^). 

^ 9 

P = coefficient of thermal expansion of fluid-, 1/°F. 

p 9 / 

Cp = specific heat of the fluid (at constant pressure for a gas) 
Btu 

(lb.)(°F.)‘ 

6 = temperature rise of surface over main body of fluid, °F. 

lb. 


p = viscosity of fluid, 


(hr.) (ft.) 


The following factors are given for converting from convenient 
units: * 

Divide k in Btu/hr./sq. ft./°F./in. by 12 to get k as above. 

Multiply p in c.g.s. units or poises by 242 to get p as above. 

The properties of the fluid should be taken at the average of the 
surface and main fluid temperatures. For gases the value of /3 will be 
approximately 1/T,n, where Tm is the average temperature in degrees 
Fahrenheit absolute. 

Fig. 5 shows a plot of data compiled by King ^ for horizontal wires 
and cylinders and planes in gases and liquids. 

It is quite remarkable how close the agreement is for such divergent 
tests on air, water, alcohol, and oil. It may reasonably be assumed 
that this curve can be used to predict the approximate value of heat- 
transfer coefficient Qi) for any type of free convection provided the 
cooling fluid is not restricted by narrow gaps or ducts. It does not 
hold for the underside surface of a large plane. 
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Equation {9d) is not in convenient form for everyday use in trans¬ 
former cooling. Long experience, however, has shown that in almost 


1 -r- 1 - 1 - \ -1-r— 1 r 
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Fig. 5,— Correlation of Data on Free Convection in Gases and Liquids. 
Taken from Refer. 5, Fig. 4. 


all cases of heat transfer by convection in air the loss temperature 
rise can, for practical purposes, be expressed by a simple formula of 
the form 


Wc = Ke¬ 


rn 


where Wc 
K 

Oc 

n 


watts loss per square inch, 
constant. 

temperature rise, degrees Centigrade. 

exponential value ranging from 1.0 to 1.25, depending on 
the shape and position of the surface being cooled. 
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For plain vertical surfaces in air with heights ranging from about 
2 ft. and upward it has been found ® that for temperature rises up to 
75° C. at sea level 

iC = 1.4 X 10-3 

and 


n = 1.25 

It has also been found ^ that the loss for a given temperature rise 
varies as the square root of the air density. 

Also, for vertical surfaces other than plain, as, for instance, deep 
corrugations which offer appreciable resistance to the air flow, it is 
necessary to use a correction factor—air friction factor which varies 
depending upon the depth and width of the air space in the corruga¬ 
tions. This factor must also be determined experimentally. 

Equation (10) can be rewritten 


IF„ = 1.4 X 10-3 py/~p 01.25 


where F = air friction factor (unity for a plain surface). 


( 11 ) 


p = barometric pressure (relative air density). 

Fig. 6 gives curves of loss of heat by convection vs. temperature 
rise at different altitudes. The variation of barometric pressure with 
altitude is given in Table IV. 



Fig. 6. —Convection Loss in Watts /Sq. In, of Surface. 


Equation (11) applies only to plain vertical surfaces. For the 
upper side of a flat horizontal surface the loss by convection is in the 
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order of 15 to 20 per cent more. On the under side the loss is much 
less, the amount depending on the area of the surface. The reason 
for this is that the warmer air must flow along the under side of the 
horizontal surface before being able to escape and rise. The larger 
the area the more difficult it is for the air to escape; consequently, no 
single value can be assigned to the constant, except for some given 
condition where it must be determined experimentally. 

TABLE IV 


Altitude Above Sea Level Relative 

in Feet Air Density 

0 1.0 

1 000 0.965 

2 000 0,93 

3 000 0.894 

4 000 0.861 

5 000 0.829 

6 000 0.80 

7 000 0.77 

8 000 0.742 

9 000 0.714 

10 000 0.687 

11 000 0.66 

12 000 0.636 

13 000 0.61 

14 000 0.586 

15 000 0.563 


Color of the surface has no effect on the loss of heat by convection. 

For any given temperature rise, room temperature has a negligible 
effect on the loss of heat in air by convection. 

Forced Convection. The transfer of heat from a solid to either 
air or liquids by forced convection is always proportional to the 
temperature rise. 

In air the amount of heat transferred by forced circulation as 
compared with that for natural circulation is quite large. A very 
gentle breeze will greatly increase the heat dissipation for a given 
temperature rise. The reason for this is that the stagnant film of air 
adhering to the surface is brushed off, thus eliminating the appreciable 
thermal drop through the film which always exists under natural 
cooling conditions. 
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Luke has shown ® that the heat transfer in a ij-in. inside diameter 
smooth pipe increases up to velocities of approximately 2 miles per 
minute, as shown in Table V. 


TABLE V 

Heat Transfer on Inside Surface of 1^-in. Diameter Smooth Tube * 


Watts/sq. in./°C. 
Rise Above 
Average Air 

Average Air Velocity 

IN Thousands of Feet per Minute 

With Fuller Board 
0.020 in. by ij-in. 
Twistgd 2 Turns 
in 36 in. 

With No 

Fuller Board 

0.02 

1.2 

1.5 

0.04 

2.45 

3.1 

0.06 

3.75 

4.85 

0.08 

5.10 

7.0 

0.10 

6.60 

9.6 

0.12 

8.30 



* Values taken from Fig. 12 of Ref. 14. 


Heat Transfer by Combined Radiation and Convection. We are 

now in a position to analyze the respective parts that radiation and 
convection play in the heat transfer from transformer tank surfaces 
ranging in shapes from planes to those of convoluted areas. Also it 
is now possible to predict the effect of the various factors (which affect 
these two modes of heat transfer differently) on the temperature rise of 
various shapes of surfaces. These factors include principally altitude, 
color of surface, and room temperature. 

The total loss dissipated from a plain vertical surface is expressed 
by the sum of Equations (9) and (11), or 

W = 1.84 X (12) 

Table VI gives the loss in watts per square inch dissipated from a 
plain surface whose color has an emissivity of 0.95 and as given by 
Equations (9), (11), and (12) at sea level. 

Fig. 7 gives the total loss (radiation + convection) vs. tempera¬ 
ture rise of a vertical surface in 0^ C., 25° C., and 50° C. ambients and* 
with 0.55 and 0.95 values of emissivities. 
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TABLE VI 


Transfer of Heat from Plain Vertical Surface in 25° C. Room 



•0/ .os .05 .1 .2- .3 A .5 .7 1.0 


W - Watis per SqpQre Inch Surface 

Fig. 7.—Total Transfer of Heat (by Radiation and Convection) from a Plain Vertical 
Surface at Sea Level. Based on Equations 7 and 11. Also Copper Bars and Trans¬ 
former Oil. 


It will be noted in Table VI that the heat transfer from a plain 
vertical surface in a 25° room and within the operating range of trans¬ 
former tank temperatures is of the order of 45 per cent by convection 
and 55 per cent by radiation. In a room temperature of 0° C., the 
losses are about equally divided, as shown in Figs. 4 and 6. 

Example 1 , Given a surface composed of sinusoidal convolutions (corrugations 
with 2-in. outside pitch and a depth of 3 in.) having a developed surface of 3.35 times 
the outside envelope surface. What is the effective surface as compared with a 
plain surface whose area is the same as the envelope of the corrugated surface? 
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In a 25° C. room the effective surface can be expressed 

KSSFE + OASDFl 






D 


(13) 


where Ht = ratio of heat transfer (or loss in watts) per square inch of developed 
convoluted surface to that of a plain surface. 

P = envelope area (or outside pitch of a single corrugation of a corrugated 
surface). 

E = emissivity factor. 

D = developed area (or developed length of a single corrugation of a corru¬ 
gated surface). 

F = air friction factor. 


For corrugations having an outside pitch of 2 in. and a depth of 3 in. {D = 6.7) 
the friction factor F is approximately unity, hence by Equation (13) 


Ht 




55 X 2 X 0.95 + 0.45 X 1 X 6, 


6.7 


-] 


= 0.603 


In other words, for a given temperature rise the total (radiation + convection) 
loss per square inch of the above developed surface is 60.3 per cent of the total loss 
per square inch of a plain surface. 

Looked at in another way, while the surface has been increased 6.7/2 or 3.35 
times, the heat transfer capacity has been increased only 3.35 X 0.603 = 2.02 times. 

The complete equation for different colors of surface, and altitudes, can be 
written 


H't = 


0.55PE + OASDfV p 
D 


(14) 


Example 2. What is the value of H't for the corrugated surface given above 
covered with aluminum paint and operating at an altitude of 10,000 ft. above sea 
level and in 25° C. ambient? 

By Equation (14) 


H't = 


0.55 X 2 X 0.55 + 0.45 X 6.7 X 1 X V0.684 


6.7 


= 0.30 


- As the surface becomes more convoluted the values of Ht and H't 
naturally decrease. Furthermore, if the depth of the above corruga¬ 
tion is increased without a corresponding increase in the width of air 
space the air friction factor F becomes appreciable. The value of F 
must be determined experimentally for each shape of surface. 


STEADY-STATE TEMPERATURE RISE OF OIL-IMMERSED 
TRANSFORMERS 

The steady-state temperature rise of transformer windings above 
the ambient after conditions have become constant is the sum of two 
components—winding rise over the oil and oil rise over the ambient— 
each of which must be dealt with separately. 
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Oil Rise over Ambient of Self-Cooled Transformers. The oil rise 
over the ambient is composed of a small temperature drop from the oil 
to the inside surface of the tank, Fig. 8, practically no drop through 
the metal, while about 90 per' cent of the drop is from the outside 
surface of the tank to the air or cooling ambient. This assumes that 
the top oil (and all oil above the core and winding) is at approximately 
the same temperatures. Since the vertical oil gradient in the oil 
adjacent to the tank walls changes in proportion to the losses for 
different loads, it would be expected that both the average oil and the 
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Fig. 8. —Temperature Gradients from Transformer Winding to the Cooling Medium. 


top oil would follow the same law of loss vs. rise over ambient as the 
loss vs. tank surface rise over ambient. Numerous tests have shown 
that such is the fact. 

Fig. 9 shows the variation of top oil rise vs. loss as found ^ for three 
tanks having different configurations of the surface, namely: 

(a) Smooth surface. 

{h) Corrugated surface (No. 1) having a 2.65-in. pitch and 3j-in. 
depth of corrugation. 

{c) Corrugated surface (No. 2) having a 2.4-in. pitch and 9-in. 
depth of corrugation. 
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These tests show that the loss dissipated from oil to tank surface 
vs. temperature rise over ambient can be expressed by 

Wt = 

where n has the following values: 


Shape of Surface Value of n 

(a) Plain. 1.19 

(b) Corrugated No. 1. 1.27 

(c) Corrugated No. 2.. 1.245 


For practical purposes it can be said that the top oil rise over the 
ambient follows the same law as the outside surface rise over the room. 
Therefore, for all convoluted surfaces where the heat loss by convec- 



Fig. 9.—Top Oil Rise i?.?. Loss (Radiation and Convection). 

tion predominates, the loss varies as the 1.25 power of the tempera¬ 
ture rise. Or expressed the other way around, the rise varies as the 
0.8 power of the loss. 

' For smooth surfaces it would be expected that the value of n 
would be approximately the average of 1.19 and 1.25 since approxi¬ 
mately half the loss is dissipated by radiation and half by convection. 
Most tests indicate, however, that for large smooth boiler plate tanks 
the loss varies as the 1.19 power of the temperature rise or the tem¬ 
perature rise varies as the 0.84 power of the loss. 

These laws, of course, have certain limitations. For example, if 
the ambient temperature was below zero and an oil having a high 
viscosity below zero was used, the law might not hold because as the 
temperature increased the very large change in the viscosity would, 
no doubt, affect appreciably the vertical tank, temperature gradient, 
etc. 
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Oil Rise over Ambient of Water-Cooled Transformers. Numerous 
tests have shown that the top oil rise over ingoing water of water- 
cooled transformers varies very closely with the square root of the 
loss. Fig. 10 gives the results of tests made on several sizes of units. 
The values of the exponent ranges from 0.485 to 0.525. An average 



Fig. 10.—Top Oil Rise vs. Loss of Water-cooled Transformers. 

or round figure of 0.50 is close enough for practical purposes for rises 
ranging from 0 to 35° C. 

The formula is of the form 


e = (15) 

where 6 = top oil rise, °C., over ingoing water temperature. 

L = loss. 

K = constant. 

Recent tests have indicated that the exponential value is some¬ 
what greater (approximately 0.7) than 0.5 for rises above 35° C. 

Quite often it is important to know how a change in the rate of 
water flow affects the temperature rise of a transformer. 

The temperature rise of the water obviously varies inversely with 
the rate of water flow, since the loss to be carried away remains very 
nearly the same, the small difference being that due (1) to the small 
change in the PR loss, and (2) to the small change in the loss dissi¬ 
pated by the tank as the result of its increased or decreased tempera¬ 
ture rise. 

If the water rate is halved and the water rise is increased from, 
say, 10° to 20° C., the top oil rise will not be increased the same 
number of degrees. The change in the oil rise is less than the maxi¬ 
mum change in the water rise because the oil rise is dependent more 
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nearly (but not exactly) upon the average water rise rather than upon 
the maximum rise. Fig. KJ shows that when the water rise was 
increased from 10° to 20“ C. the ml rise was increased 6° or 7 C. 
within the operating range of oil rises, i.e,, from about 25“ to 40 C. 
In other words, the oil rise changes 0.6 or 0.7 as fast as the water rise. 

Where the cooling-water temperature is low and it is not desired 
to take advantage of the permissible increased output (of 1 per cent 
for each degree Centigrade that the water temperature is below 25“ C., 
as given later), this rule can be applied to conserve the amount of 
water used by reducing the rate such that the top oil temperature 
does not exceed the temperature resulting from normal water flow for 
25“ C. ingoing winter temperature. 

On the other hand, this rule, can serve to determine roughly the 
measured output made possible by increasing the watej rate above 
normal. For example, if the normal w'ater rise is 10“ C. and the 
water rate is doubled (resulting in 5“ C. water rise) the oil tempera¬ 
ture will be decreased 3“ or 3.5“ C. (i.e., (10-5) X 0,6 or 0.7). _ The 
transformer cannot, of course, be overloaded until the oil rise is 
increased 3 or 3.5“ C. because the overload increases the winding rise 
over the oil. When taking both the oil rise and winding rise over oil 
into account (by the equations given elsewhere) the doubling of the 
water rate gives very little increased output about 5 per cent for an 
average design. It can readily be seen that any further increase in 
the water rate w'ould not result in any ineasurable increase in output. 

The winding rise over the oil remains practically unchanged, 
consequently the winding rise over the ingoing water temperature 
rises or falls for a given load the sajne number of degrees as the top 
oil depending on whether the water rate is decreased or increased. 

The above enables anyone to estimate the effect of a change in the 
water rate on the temperature rise and kv-a. capacity of water-cooled 
transformers. 

Required Water Rate. The required amount of water for water- 
cooled transformers is 


3.8L _ L 
T ~ 0.264:T 


(16) 


where G = gallons of water per minute. 

L = kilowatts loss. 

T = temperature rise of water in degrees Centigrade. 

Winding Rise over Oil of Both Self-Cooled and Water-Cooled 
Transformers. It is obvious that the temperature rise over the oil 
of either a coil or series of coils in a stack is not uniform, but varies 
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from point to point owing to the establishment of gradients along the 
path of heat flow. For purposes of standardization and because it is 
not practical to determine by test, it is assumed that the hottest spot 
will not exceed the average temperature of the coils by more than 10° C. 
under rated load conditions. Actually the hottest spot in most well- 
ventilated designs is not over 5 or 6° C. above the average tempera¬ 
ture. 

Under overload conditions, however, the hottest-spot temperature 
rise over the average rise increases and may under heavy short-time 
overloads considerably exceed the 10° C. value. 

Tests have shown that both the average rise and hottest-spot rise 
over the top oil follow the same law. Therefore, the same equation 
can be used. 

The temperature rise of windings over the oil can be expressed by 
the formula 

e = KL- (17) 

where 6 = winding rise (either hottest spot or average) over average 
or effective oil temperature. 

K = constant. 

L = loss. 

n = exponent ranging from approximately 0.8 to 1.0. 

For horizontal coils the value of w = 0.8. 

For vertical coils the value of n is close to unity, being of the order 
of 0.95, but for practical purposes it will be assumed that w = 1. 

The above formula holds for windings in either self-cooled or water- 
cooled transformers. 

WINDING RISE ABOVE AMBIENT TEMPERATURES 

The laws governing (1) the winding rise over the oil and (2) the 
oil rise over the ambient having been established, it is now possible to 
formulate a general equation by which the total winding rise over the 
ambient may be calculated for any load other than normal. 

The equation is of the form 

( LNR^ A- iX"® 

1^+1 / 

where T = temperature rise (either hot spot or average) of windings 
over ambient. 

C = copper temperature in degrees Centigrade. 

> V ' UiiL tao NEGRO 
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A = ambient temperature in degrees Centigrade. 

To = temperature rise oil (either top oil, effective oil or aver¬ 
age oil) over ambient at rated load. 

N = ratio of copper to iron loss at rated load. 

^ = ratio of either overload or underload to rated load. 

To = temperature rise of copper (either hot spot or average) 
over average or effective oil at rated load, 
no = 0.8 for self-cooled transformers. 

= 0.7 for water-cooled transformers. 

Uc = 0.8 for horizontal windings. 

= 1.0 for vertical windings. 

_ 234 + ^ -h r 

^ ~ 234: +A + To + Tc 


It is not possible, of course, to obtain an exact solution for R in 
Equation (18). By assuming a constant copper temperature (L = 1) 
and making the approximation no = Wc = 1 the following equation is 
obtained: _ 


R 


4 


T(N -f 1) - To 
Tc{N 4- 1) + ToN 


(19) 


The approximation involved in Equation (19) is undesirable, since it 
is pessimistic: i.e., it does not allow as much overload as might be 
carried. A more accurate approximation is given by the assumption 
given in Equations (20) and (21); 



= \ + no 


'NR? 4- 1 
. N+\ 




( 20 ) 


(i?2)». = 1 + n^R? - 1) 


( 21 ) 


Again, assuming that L = 1 and that no = gives the fol¬ 

lowing more accurate alternative to Equation (19): 


\mT{\ 4- iV) -f (1 — w)(l 4- N){To 4- Tc) — To 
\ ToN + Tcii + N) 


(21a) 


The differences obtained in Equations (18), (19), and (21a; can 
best be illustrated by a numerical example. 
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Assume 

L = 1,0. 

«o = = 0.8. 

m = 1.25. 

To = 40° C. 

Tc = 15° C. 

N = 2, 

T = 95° C. (0° C. ambient.) 

Equation (18)* gives 7? = 1.52. 

* By cut-and-try method. 

Equation (19) gives R = 1.40. 

Equation (21a) gives R = 1.48. 

In general, the author considers it preferable to work directly with 
Equation (18) even though no explicit solution is available as the 
problem can easily be handled by plotting as a function of To and Tc 
for constant values of T, Z, «o, and ric. 


VARIATION OF KV-A. WITH AMBIENT FOR CONSTANT 
WINDING TEMPERATURE 

As pointed out in the first part of this chapter the output of a 
transformer is limited by the maximum winding temperature. This 
applies to both stable and transient conditions. Only stable condi¬ 
tions are considered here. 

We are now in a position to see how much the kv-a. of both self- 
cooled and water-cooled transformers can be increased with low 
ambients maintaining a constant winding temperature and using the 


following exponential values in Equation (18). 

Self-Cooled: 

1. Tank surface or oil rise over room 

no He 

a. With plain tank. 0.84 

b. With irregular (corrugated, etc.) surfaces. 0.80 

2. Winding rise either by resistance or hot spot over oil 

a. With vertical coils. 1.00 

b. With horizontal coils....... 0.8 

Water-Cooled: 

1. Oil rise over ingoing water (for a constant water rise). 0.7 

2. Winding rise either by resistance or hot spot over oil 

a. With vertical coils........ 1.0 

b- With horizontal coils. 0.8 
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Table VII gives water-cooled transformer relative kv-a. capacities 
vs, ingoing water temperati^res from 0 to 35“ C. to produce a given 
winding temperature. Table VIII shows the same data for self- 
cooled transformers. The per cent kv-a. values in Tables VII and 
VIII show that in almost every case the load can be increased 1 per 
cent for each degree that the ambient temperature is decreased. 
This means, of course, that for water-cooled transformers with d“ C, 
ingoing water, 125 per cent load can safely be carried continuously 
without exceeding the temperature limit obtained with 100 per cent 
load with 25“ ingoing water temperature. For self-cooled transform¬ 
ers with 0 ambient, 130 per cent load can be carried. 

TABLE VII 


Water-Cooled Transformer Relative Kv-a. Capacities us. Ingoing Water 
Temperatures to Produce a Given Winding Temperature 


Assumed Characteristics at 

100 Per Cent Load 



Ratio of Copper to Iron Loss.. 

1:1 

2:1 


4 ; 1 


Oil rise over room, °C. 

Average winding rise over oil, °C. 

Hot spot rise over oil, °C. 

30 

25 

35 

35 

20 

30 

40 

15 

25 

30 

25 

35 

35 

2D 

30 

40 

15 

25 

30 

25 

35 

35 

20 

30 

40 

15 

25 

Ingoing 
Water Tem¬ 
perature, °C. 

Position 

of 

Windings 

Based on 
Winding Tem¬ 
perature of 

Pee Cent Kv-a. 

Calculated by Equation (18) 

* 


* 35 

Vertical 

Horizontal 

Vertical 

Horizontal 

80° average 
80° average 
90° hot spot 
90° hot spot 

85. 

83. 

88.5 

86.5 

83. 

81. 

87.5 

85.5 

81. 

79. 

86.5 

84.5 

86.5 

84.5 
89. 
87. 

85. 
83. 
88. 

86. 

83.5 

81.5 
87. 
85. 

87.5 
86, 
90. 

88.5 

86.5 

85. 

89. 

, 88. 

85. 

84. 

88. 

87.5 

25 

Vertical 

Horizontal 

Vertical 

Horizontal 

80° average 
80° average 
90° hot spot 
90° hot spot 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

LOO 

100 

100 

100 

100 

100 

100 

100 

15 

Vertical 

Horizontal 

Vertical 

Horizontal 

80° average 
80° average 
90° hot spot 
90° hot spot 

113.5 
115.3 

110.5 

112.5 

115. 

117. 

111.5 

113.5 

116.5 

118.5 
113. 

114.5 

112. 

114. 

110. 

111.5 

113. 

115. 

110.5 

112. 

114. 

116. 

111. 

112.5 

111.5 
113. 

109.5 

110.5 

112.5 

113.5 

no. 

111. 

114. 

114.5 

110.5 

111.5 

0 

Vertical 

Horizontal 

Vertical 

Horizontal 

80° average 
80° average 
90° hot spot 
90° hot spot 

131. 

136.5 
125. 

130.5 

134. 

139.5 

127. 

132. 

137. 

142. 

129. 

134. 

129. 

133.5 

123.5 
128.0 

131. 

135.5 
125. 

129.5 

133. 

137.5 

126.5 
131. 

127. 

131.5 
T22.S 

126.5 

129. 

1 133. 
124. 
127.5 

131. 

134.5 

125.5 

128.5 
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TABLE VIII 

Self-Cooled Transformer Relative Kv-a. Capacities vs. Room Temperatures 
TO Produce a Given Winding Temperature 


Assumed Charactcrli^tics at 










100 Per Cent Load 










Ratio of Copper to Iron Loss. 

1 :1 

2 :1 

3 :1 

Oil rise over 

room, °C.... 


35 

40 

45 

35 

40 

45 

35 

40 

45 

Average winding rise over 

oil, °C. 

20 

15 

10 

20 

15 

10 

20 

15 

10 

Hottest spot : 

rise over oil, °C. 

30 

25 

20 

30 

25 

20 

30 

25 

20 

Room Tem¬ 

Position 

Based on 










perature, 

of 

Winding Tem¬ 




Per Cent Kv-a. 




°C. 

Windings 

perature of 



Calculated by Equation (18) 




Verticd 

85° average 

65. 

60. 

55. 

70. 

68. 

62.5 

72. 

70. 

70, 

50 

Horizontal 

85° average 

61. 

56. 

51. 

68. 

66. 

62. 

70* 

69. 

68. 


Vertical 

95° hot spot 

75. 

72. 

68. 

77. 

76. 

75. 

78, 

77. 

77. 


Horizontal 

95° hot spot 

71. 

68. 

65. 

74. 

73. 

72. 

75. 

75. 

75. 


Vertical 

85° average 

84. 

82.5 

80. 

86.5 

85.5 

84.5 

83. 

87. 

87. 

40 

HoiizontaJ 

85° average 

82. 

80.5 

78.5 

85. 

83.5 

83. 

89. 

86. 

86. 


Vertical 

95° hot spot 

88 , 

87. 

86. 

89,5 

89. 

88 * 

90,5 

90. 

90. 


Horizontal 

95° hot spot 

86. 

85. 

84. 

88. 

87.5 

87. 

89. 

89. 

89. 


Vertical 

85° average 

100 

100 

100 

100 

100 

100 

100 

100 

100 

30 

Horizontal 

85° average 

too 

100 

100 

100 

100 

100 

LOO 

100 

100 


Vertical 

95° hot spot 

100 

100 

100 

100 

100 

100 

100 

100 

100 


Horizontal 

95° hot spot 

100 

100 

100 

JOO 

100 

100 

100 

100 

100 


Vertical 

85° average 

114. 

tis. 

117* 

112. 

113. 

114. 

no. 

111. 

112. 

20 

Horizontal 

85° average 

114.5 

U7. 

118* 

113.5 

114* 

ns* 

111,5 

112.5 

114. 


Vertical 

95° hot spot 

110.5 

111,5 1 

M2.5 

109.5 

110. 

Ml. 

108. 

109. 

110. 


Hntiaojjtal 

95° hot spot 

112.5 

113.5 

114.5 

111, 

ill.5 

112. 

110. 

110.5 

111. 


Vertical 

85° average 

126. 

127.5 

131. 

123. 

124.5 

126. 

122.5 

124, 

123. 

10 

Horizontal 

S5° average 

130. 

132. 

134. 

126.5 

127* 

128* 

124. 

125. 

126. 


Vertical 

95° hot spot 

120,5 

122. 

123.5 

118.5 

M9 5 

121. 

116, 

117* 

118. 


Horizontal 

95° hot spot 

124.5 

125.5 

127. 

122. 

122.5 

123. 

118. 

119, 

120. 


Vertical 

85° average 

137.5 

141, 

145. 

134. 

136, 

138. 

133* 

135* 

136. 

0 

Horizontal 

85° average 

144. 

146. 

149. 

138.5 

137.5 

141, 

137* 

138. 

139* 


Vertical 

95° hot spot 

129.5 

131.5 

134* 

127. 

128.5 

130. 

126. 

123* 

130. 


Horizontal 

95° hot spot 

135.5 

137. 

139. 

132. 

133. 

134. 

130. 

131. 

132. 


Vertical 

85° average 

148.5 

153. 

158. 

143.5 

146. 

149, 

142. 

144. 

146. 


Horizontal 

85° average 

157. 

159.5 

163. 

149.5 

151. 

153. 

147. 

148. 

150. 


Vertical 

95° hot spot 

138.5 

141. 

144. 

135. 

137. 

139. 

134. 

135. 

136. 


Horizontal 

95° hot spot 

146. 

148. 

150. 

141.5 

142.5 

143.5 

138. 

139. 

140. 
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EFFECT OF ALTITUDE ON TEMPERATURE RISE OF TRANSFORMERS 

Since the transfer of heat by convection is affected by air density, 
all self-cooled transformers are affected by altitude, the amount 
depending on the ratio of tire losses dissipated by convection to radi¬ 
ation. For example, it is evident that the minimum effect of altitude 
on the heating would occur in transformers with smooth tanks where 
approximately 55 per cent of the loss is by radiation which is unaffected 
by altitude, while the maximum effect would occur in transformers 
having a large number of radiators where the loss dissipated by radi- 
ation is small. 

On account of the above it is obvious that no simple rule can be 
given for the effect of altitude on the temperature rise of self-cooled 
transformers. 

The following formula results from Equation (11) 


191fr.o« 

f 0.8^0,4 


( 22 ) 


Therefore, for a constant loss by convection the temperature rise 
varies inversely with the air pressure raised to the 0.4 power. 

Where part of the loss is by radiation the effect of air pressure will 
be reduced in the order of the ratio of loss by convection to the total 
loss. 

Equation (22) can be rewritten: 


jr0.8p0.4 


(23) 


where Rl = ratio of loss by convection to the total loss (convection 
plus radiation). 


When expressing the increase in temperature in percentage of 
winding rise over ambient (as is the general custom) of oil-immersed 
transformers. Equation (23) must, of course, be modified in the 
inverse ratio of the winding rise over ambient to top oil rise over 
ambient 


191Wc^-^Rl 

pO^SpOAR 


where Rt = ratio of winding rise to top oil rise. 
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Fig. 11 shows the effect of altitude on the temperature rise of self- 
cooled transformers having different values of Rl (ratio of loss by 
convection to total loss). 

For air-cooled (natural 
draft) transformers it can 
be assumed that both Rl 
and Rt = 1.0. 

Where forced-air cir¬ 
culation is used on tanks 
and radiator surfaces a 
rough approximation is 
obtained by assuming 
that the loss by convec¬ 
tion for a given tem¬ 
perature rise is doubled 
by the forced air cooling, 
the radiation, of course, 
remaining the same. 

The temperature rise 
of water-cooled transformers is obviously not affected by altitude, 
unless an appreciable part of the loss is dissipated by the tank surface. 

The present rule in the proposed American Standards, formerly 
given in paragraph 13-209,* AT.E.E. Standards 13, dated 1930, was 
based principally on Equation (24) assuming (1) that approximately 
80 per cent of the total loss is by convection, and (2) that the oil rise 
is 40'" C. and tJie winding rise is 55^ C. at sea level. 

EFFECT OF COLOR OF TANK ON TEMPERATURE RISE 

Certain colors j have the effect of increasing the temperature rise 
of transformers which depend on the tank for the dissipation of their 
losses to the air. This effect is greatest on a plain tank for the reason, 

* lS-209—Altitude, (a) Standard Apparatus Tested at an Altitude Not Exceed¬ 
ing 1000 Meters: Apparatus rated in accordance with these standards may be tested 
at any altitude not exceeding 1000 meters (3300 ft.) and no correction shall be applied 
to the observed temperature rise. 

(&) Standard Air-Cooled Apparatus Tested at an Altitude Greater Than 1000 
Meters: If the test is made at an altitude greater than 1000 meters (3300 ft.) it 
shall be assumed that the temperature rise at any altitude less than 1000 meters 
(3300 ft.) will be the temperature rise observed at the higher altitude reduced by 
4/10 of one per cent in the case of oil-immersed or natural-draft apparatus and by 
one per cent in the case of air-blast apparatus for each 100 meters (330 ft.) by which 
the altitude at which the apparatus is tested exceeds 1000 meters (3300 ft.), 

t All metallic paints come in this class. 


fit 



Fig. 11. Effect of Altitude on Temperature Rise 
of Top Oil or of Tank Surface. 
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as already shown, that radiation (which Is affected by color whereas 
convection Is not) plays a more Important role In the dissipation of the 
losses from a plain surface flian from convoluted surfaces where con¬ 
vection becomes the more important heat transfer agent. 

Those colors which reduce the radiation of heat also have the 
property of reducing the absorption of heat from the sun's rays, though 
not alw^ays to the same extent. For example, the low-temperature 
total emissivity of gray paint is 0.95 (Table III) while the coefficient 
of absorption for solar radiation for gray paint (Table X) is 0.75. 
The emissivity and absorption powers for aluminum paint, however, 
are equal, being 0.55 in both cases. 

Because of the many factors involved, the question of the aggregate 
effect of these factors on the resulting temperature of self-cooled trans¬ 
formers under service condition's is a very complicated one, especially 
when the transformer is operating only part of the time exposed to the 
rays of the sun. 

The reasons W'hy the problem is so complicated are: (1) the ratio 
of the losses dissipated by radiation and convection varies, depending 
on the shape of the cooling surface of the tank; ( 2 ) both the emissivity 
factor and the coefficient of absorption of solar radiation, as affecting 
the loss by radiation, must be considered; (3) only a part of the tank 
surface is exposed to the sun’s rays and (4) the part that is exposed is 
only for a part of the time, that is, during the day when the solar 
intensity varies from hour to hour. The part exposed is benefited by 
the light color while the unexposed part is handicapped by the light 

color. _ _ • i, r t. 

It may be thought that if a transformer tank is painted with a light 

color it will operate at an appreciably^ lower temperature in the sunshine 
than if painted black. If so, this impression is based either upon 
relative absorption powers of the colors where no internally generated 
heat must be dissipated, or upon tests made on apparatus under con¬ 
ditions not applicable to transformer conditions. 

A comprehensive report of tests made on transformers in various 
parts of the country is given in an A.I.E.E. paper.® All these tests 
show that when a transformer (ivith either plain or convoluted surface 
! tanks) is exposed to the rays of the sun the gain resulting from paint¬ 
ing the case or tank either a light color or with aluminum paint is very 
small, not worth considering. 

It is obvious that the temperature rise of any given transformer 
over the cooling air (ambient) will be higher when operating in the sun¬ 
shine than when operating in the shade. The difference in the tem¬ 
perature rise depends upon the duration of the sunshine in 24 hours, 
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the solar intensity, the ratio of the developed area to the enveloped 
area, the percentage of the tank area exposed to the sun’s rays, and 
the ratio of the thermal capacity of the oil and materials to the 
effective radiating surface. For these reasons no exact value can be 
given though generally the increase will range from 5 to 10 ° C. 

Repainting Tanks in the Field. In connection with repainting 
transformers it is important to remember ( 1 ) that if a tank has several 
coats of paint it is the last coat that determines its emissivity, and 
( 2 ) that the temperature drop through the old coat or coats is generally 
negligible. For example, the loss on the tank surface will seldom, if 
ever, exceed 0.25 watt per square inch and is usually less. The 
thermal resistivity of paint is approximately 200 ° C. per watt per 
inch cube. 

The temperature drop through - 3 ^^ in. thickness of paint would be 
of the order of 0.25 X 200 X 0.031 = 1.5° C. Since the thickness of 
one coat of paint is only a few mils it can readily be seen that it would 
require many coats to cause an appreciable temperature drop through 
the paint. 

Plain Tanks in Shade. When the tank is operating continuously 
in the shade, the effect of its color on the temperature may be appreci¬ 
able, being a maximum for transformers with plain cases and decreasing 
as the surface becomes more and more convoluted. 

Table IX gives the results of tests made in the shade on two 25 kv-a. 
transformers whose plain cases were painted ( 1 ) with a standard 
black paint, and ( 2 ) with aluminum paint. 


TABLE IX 

Comparison of Temperature Rise of 25 Kv-a. Transformer Smooth Tanks 
Painted Black and Aluminum—Room Temperature 26°C. 


Transfoioier 

No. 

Top Oil Rise °C. 

Maximum Tank Surface 
Rise °C. 

Black 

Aluminum 

Black 

Aluminum 

1.... 

37.2 

46.3 

32.5 

41. 

2..... 

36.7 

47.6 

32.0 

41.6 

Average. 

37.0 

47.0 

32.3 

41.3 

Relative . 

78.5 

100.0 

78.5 

100.0 


The temperature rise of the black tank surface and the top oil was 
78.5 per cent of that for the aluminum tank. This agrees quite 
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closely with the calculated value of 75.2 per cent obtained by multi¬ 
plying the 55 per cent radiation component by 0.55 (emissivity of 
aluminum) and adding 4$ per cent, the convection component. 
That is, 55% X 0.55 + 45% = 75.2%. 

Tanks with Convoluted Surface in Shade. The effect of aluminum 
paint in increasing the temperature in the shade is lessened on cor¬ 
rugated, tubular, and radiator types of tanks owing to the decreased 
percentage of total loss by radiation but may still be appreciable. 
Calculation indicates that a tank with four rows of externally con¬ 
nected tubes will operate approximately 12 per cent hotter with 
aluminum paint in the shade. Even on the largest tanks with rad¬ 
iators assembled as close to each other as possible, calculation indi¬ 
cates that they will run approximately 7 per cent hotter. 

Conclusions. The effects of colors on the temperature of trans¬ 
formers may be summarized as follows: 

In Shade, 1. The temperature rise of a transformer in a tank 
painted with a non-metallic paint is practically independent of the 
color. 

2. Metallic paints radiate less heat than non-metallic paints and 
may cause a transformer to overheat. 

3. A plain aluminum painted tank will run approximately 30 per 
cent higher temperature rise * than if painted with a non-metallic 
paint. 

4. Thirty per cent represents approximately the maximum increase 
of temperature rise caused by painting a tank with aluminum instead 
of a non-metallic paint. If a plain tank is, finished with a surface 
having a lower emissivity than aluminum the temperature increase 
naturally will be more than 30 per cent, increasing to about 75 per 
cent * where the emissivity is very low such as for polished silver, 
nickel, etc. 

5. As the surface of a tank becomes more and more convoluted 
(with tubes and externally connected radiators) the effect of a metallic 
paint in increasing the temperature rise becomes less and less, in 
extreme cases getting as low as 7 per cent.* 

In Sunshine. 1. The improvement resulting from using special 
paint on self-cooled transformer tanks either plain or with convoluted 
surfaces is very small in service, hardly enough to be worth consider¬ 
ing. Even under the most favorable conditions (white lead paint, 
smooth tank surface, and a hot sunny day) the gain during the day is 

* Refers to oil rise. The winding rise over room will be increased the same 
number of degrees as the oil rise is increased. 
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not more than 2 or 3° C. and in general the average gain during a 
24-hour period is less than 2° C. 

2. The repainting of transformer tanks in the field for operation in 
the sunshine should be based upon the consideration of durability and 
appearance rather than upon heating considerations. 


TEMPERATURE RISE OF CABLES 

The total temperature drop from the copper of an insulated cable 
to oil or air takes place in two steps—the drop through the insulation 
and the surface drop. Each of these drops varies, depending upon 
the thickness of the insulation and the bare and insulated diameters. 
Each drop must, therefore, be dealt with separately. 

Temperature Drop through Cable Insulation. The general equa^ 
tion expressing the drop through the insulation surrounding a round 
cable is of the form 

aKP\ogioj 

Ti = --- - (25) 

A 

temperature drop through insulation (at 75° C.) in degrees 
Centigrade. 

234.5 + T 
309.5 

temperature in degrees Centigrade, 
current in amperes, 
insulated diameter of cable in inches, 
bare diameter of cable in inches, 
cable area in circular mils. 

constant depending upon the thermal resistance of the 
insulation. 

76.7 (which indicates a thermal resistance of 
200° C./watt/in.^) for tightly wound V.C. on cables. 

The values of K were determined by tests, Table XI, made on 
cables insulated with varnished cambric and are plotted against watts 
per square inch surface. Fig. 13. On the basis of these tests K = 76.7. 

Surface Temperature Drop. The temperature drop from the sur¬ 
face of the insulation to the surrounding oil as determined by tests, 
Table XI, are plotted in Fig. 12. 


where Ti = 


a = 

T = 
/ = 
D = 
d = 
A = 
K = 
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Fig. 12.—Relation of Surface Drop to 
Watts per Sq. Inch on V. C. Insulated 
Cables in Oil. 
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Fig. 13.—Determination of K from 
Test Data. 


• TABLE X * 

Coefficient of Absorption for Solar Radiation 


Silver, highly polished. 0.07 

Platinum, highly polished. 0.10 

Nickel, highly polished. 0.15 

Aluminum f. 0.15 

Magnesium carbonate. 0.15 

Zinc oxide. 0.15 

Steel t. 0.20 

Copper. 0.25 

White lead paint. 0.25 

Zinc oxide paint. 0.30 

Stellite, polished. 0.30 

Light Cream paint. 0.35 

Monel metal, polished. 0.40 

Light yellow paint. 0.45 

Light green paint. 0.50 

Aluminum paint. 0.55 

Zinc, polished paint. 0.55 

Gray paint. 0.75 

Black mat. 0.97 


• These data are the results of investigations made by the National Bureau of Standards, the British 
National Physical Laboratory, the General Electric Research Laboratories, and several eastern universities, 
and were collected by Mr. W. J. King of the General Electric Company, 
t Questionable because of scant or inconsistent data. 
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TABLE XI 


Heat Test Data on Extra Flexible Stranded Insulated Cables 


Cable 

Size 

circular 

mils 

V.C. 

Radial 

Insu¬ 

lation, 

inches 

d 

inches 

D * 

inches 

/ 

Am¬ 

peres 

Wa 

K 

Drop 

Through 

Insula¬ 

tion 

Ti, X. 

Sur¬ 

face 

Drop 

X. 

Copper 

over 

Oil 

T 

X. 

180,000 

1 

4 

: 0.540 

1.125 

400 

0.263 

57.5 

16.3 

7.7 

24.0 

180,000 

1 

4 

.540 

1.125 

432 

.308 

76 0 

25.0 

8.0 

33.0 

180,000 

1 

4 

.540 

1.125 

500 

.411 

71.5 

31.5 

10.5 

42.0 

180,000 

1 

4 

.540 

1.125 

560 

.516 

79.5 

44,0 

13.0 

57.0 

180,000 

1 

4 : 

.540 

1.125 

635 

.664 

83.5 

59.5 

13.0 

72.5 

370,000 

3 

8 

.790 

1.625 

472 

.124 

60.0 

11.3 

4.2 

15,5 

370,000 

3 

8 

.790 

1.625 

496 

.136 

69.5 

14.5 

4.0 

18.5 

370,000 

1 

.790 

1.625 

600 

.200 

67.0 

20.5 

5.5 

26.0 

370,000 

3 

8 

.790 

1.625 

640 

.227 

65.0 

22.7 

5.3 

28.0 

370,000 

3 

8 

.790 

1.625 

689 

.264 

69.5 

28.1 

7.9 

36.0 

90,000 

1 

4 

.390 

0.975 

200 

.137 

56.5 

10.0 

3.0 

13.0 

90,000 

1 

4 

.390 

.975 

250 

.238 

78.0 

21.6 

0.4 

22.0 

90,000 

1 

4 

.390 

.975 

300 

.342 

78.0 

31.0 

8.0 

39.0 

90,000 

1 

4 

.390 

.975 

352 

.470 

99.0 

54.5 

7.0 

61.5 

90,000 

1 

4 

.390 

.975 

415 

.655 

83.5 

63.0 

12.0 

75.0 


• Including cotton braid. 

Note: The above values of Ti and T 2 are corrected for the drop through the cable braid. 


The equation of the line drawn through the points is 

T 2 = 19.5(TF.)0-8a (26) 

where T 2 = surface drop in degrees Centigrade. 

Wa = watts per square inch outside surface of insulation. 

Equation (26) can be written 


T 2 


Total Temperature Drop. The total rise T of the copper over the 
surrounding oil is the sum of Equations (25) and (27), or 


T = a 


76 . 7/2 logjQ R 
a 


■ + 


(IL 

\ A 


6/2 Y® 

AD ) . 


(28) 
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Fig. 14 shows the current ratings vs. various cross sections of cables 
having i i, and f in. ^dial builds of insulations for 20 ° C. rise 

over oil. 

For ' cables in air, 
tests indicate that the 
surface temperature 
drop is approximately 
4.45 times that in oil 
(for the same surface 
loss) which means that 
the last half of Equation 
(28) should be multi¬ 
plied by 4.45 (or use 84 
instead of 13.6). 



TRANSIENT HEATING 


Fig. 14.—Extra Flexible Cable Ratings. For 20° C, 

Rise Over Oil. All Heat Stored* 

Calculated by Equation (28). When all heat is Stored 

in copper by a constant 

current the resulting temperature can be calculated by the following 
formula: 


e = antilogio [2.0iD^ X lO-i^ t + logio {Bo + 234.5)] - 234.5 (29) ' 

where 6 = final temperature of copper in degrees Centigrade. ^ 

D = current density in amperes per square inch. 

t = time in seconds. * 

do = initial temperature in degrees Centigrade. 

■ The above equation applies where there is no eddy loss in the con- 1 

ductor. , i_ 1 I * j I 

Where eddy loss is present the temperature rise may be calculated ■ 

by the following formula: * ' 

r B 618.4Ec1 , . 


* This formula is not rigorously correct but for temperatures up to 350 C. 
results accurate enough for practical purposes. Accurate results under any or alL 
assumed conditions will be obtained by the following formula: 




1 




234.5 
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where d = 
00 = 
01 = 
t = 

£c = 


final temperature, degrees Centigrade, 
initial temperature, degrees Centigrade, 
absolute initial temperature = (0o + 234.5). 
time in seconds. 

ratio eddy current to I^R loss at 75° C. 


A 


Watts per lb. (at 0o) 
180 


or 


or 


^ ^ / Amperes V 
\Square Inches/ 

7501 


A = 


01 10 


-11 


/Circular mils^ 
\ Amperes / 


Amperes 
5 = 201 + At 


The final temperatures are plotted in Fig. 15 for various (1) current 
densities, (2) initial temperatures, (3) duration of short circuit, and 
( 4 ) percentages of eddy loss. To illustrate the method of using these 
curves the following example is given. 

Assume 50,000 amp. per sq. in. for 3.5 seconds, an initial tempera- 
liire of 75° C., and 10 per cent eddy loss (e = 0.1). At 75° (0o) 
initial temperature, D^t = 5300. 5300 + 50^ X 3.5 = 14,050(Z)^/) = 

246° C., final temperature. 

Where no heat is radiated from the tank, the temperature rise of 
llu* oil in a transformer can be calculated by the following formula: 


Watts X T 

2.96 lb. cu. + 3.6 lb. (Core + f tank) + K XG 


(30a) 


wlinr 0 = final temperature in degrees Centigrade. 

Oq = initial temperature in degrees Centigrade. 

Ec = ratio of eddy current loss to the loss at 75° C. 

i = time in seconds. 

A = 4.0 X 

wln'ir D = amperes per square inch of conductor 

III A = 1.56 X 10-^W, 

w Ill'll* ly * watts per pound {PR at 75° C.) 

Ill /] - 65M-\ 

wItPio M « circular mils per ampere. 
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where 0 = temperature rise of the oil, degrees Centigrade. 
T = time, minutes. 

X = 90 (for average oif rise). 

= 85 (for top oil rise). 

G = U. S. gallons of oil. 



Fig. 15. —Temperature of Windings After Short Circuit with Constant Current and 

All Heat Stored. 


Since the copper is usually a small percentage of the total iron 
weight, for practical purposes Equation (30a) may be written 


Watts X T 

3.5 lb. (cu. + core + f tank) + KG 


(SOb) 


The temperature rise of the copper over the ambient is the sum of 
the copper rise over the oil—Equation (30)—and the oil rise over the 
ambient—Equation (30&). 

Part of Heat Stored and Part Dissipated. Self-Cooled Trans~ 
formers. Where the conditions vary from the time when all heat is 
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stored to the time when the heat dissipated is equal to that generated 
(final temperature rise), the rise at any time interval may be calcu¬ 
lated by the formula: 

e = df{l - (31) 


where 6 = temperature rise at any time t. 

6/ = final temperature rise after conditions have become 
constant. 

e = base of Napierian logarithm (2.718). 


B = 


ce/ 


t = time in minutes. 

W = watts loss at initial temperature. 

C = thermal capacity of material 

= 2.96 X pounds of bare copper; or where the thermal 
capacity of the conductor insulation is appreciable 


C = 


2.96 


A CL 

2a 


X pounds bare copper. 


A = insulated cross section of conductor. 
a = bare cross section of conductor. 

I'or iron 

C = 3.6 X pounds 
niid for oil 

C = 90 X gallons (U. S.) 
l''oi* oil rise when T is expressed in hours 

3.5 (cu. + iron + f tank) + KG 


The foregoing is based on the following assumed specific heats: 


Material 


Specific Heat 


Copper 

Iron 

Oil (mineral) 


0.0935 

0.115 

0.425 cal./gram. 
0.372 cal./cc. 


'I'dble XII gives the calculated and tested rises of some transformer 
( oMh with current densities ranging from 2000 to 6000 amp. per sq. in. 
Ilf rnpp(‘r. 
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TABLE XII 


Temperature Rise of^ Windings under Transient, Heating 


Amperes 



Rise °C. above Top Oil 


per 

Square 

Inch 




Time in Minutes 



t = 

5 

10 

15 

20 

30 

ef 

2000 

Test......... 

7.3 

13 

15.5 

16.8 

17.5 

17.8 


Calculated.... 

9.7 

12 

16.1 

17 

17.6 

17.8 

3000 

Test. 

15.5 

21.5 

24.0 

24.5 

24.5 

24.5 


Calculated.... 

15.4 

.21.2 

23.2 

24.0 

24.3 

24.5 


t = 

3 

5 

10 

15 

20 

ef 

4000 

Test. 

18.5 

25.5 

35.0 

37.5 

38. 

38.5 


Calculated.,. ^ 

19.0 

26.0 

34.6 

37.0 

38. 

38.5 


t = 

2 ■ 

5 

10 

15 

20 

ef 

6000 

Test. 

25. 

50. 

65. 

69. 

69. 

69. 


Calculated... . 

27.6 

50. 

64. 

68.6 

69. 

69. 


Fig. 16 gives the comparison of the calculated and tested top oil 
rises of a 2000 kv-a. transformer. In making these calculations it was 
found that the closest checks were obtained when basing the heat 
storage on two-thirds of the tank weight and 85 per cent of the oil. 
The reason for this is that the lower third of the tank remains com¬ 
paratively cool. That is, C = 2.96 lb. copper + 3.6 (lb. core + f lb. 
tank) + 90 X gal. oil. 

Water-Cooled' Transformers with Constant Load. The top oil 
temperature rise before conditions become constant may be calculated 
as follows: 

Let A = ambient air temperature in degrees Centigrade. 

Cu = pounds copper. 

Fe = pounds steel. 

G = gallons oil. 

L\ = watts initial loss. 

L 2 = watts ultimate loss. 

S = square inches of cooling coil surface. 
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16.—Variation of Top Oil Temperature Rise, with Time, in a 2000 kv-a. Trans¬ 
former. Normal Load and Excitation Applied Starting at Room Temperature. 


s = square inches of tank surface. 
T = °C. ultimate top oil rise at L 2 . 
Ta = pounds tank and cover. 

IF = °C. incoming water. 


■‘(i)"" 

0.02r[3.0(F. + f r. + CJ + 75G] 
Zi + A + 0.004 X{.A - W) 

Zi + 0.0045U - W) 

N 


I Icnling and cooling with constant load from Pi per cent (expressed as 
(Iccinial) of ultimate top oil rise to P 2 per cent of ultimate top oil rise 
i'i‘(|iiir('s t hours, where t is given below. 


I -- U Ine 


(Pi - 1)(P2 + F) 
(P 2 - l)(Pi + V) 


2.303 C/logic 


(Pi - 1)(P2 + F) 
(P 2 - l)(Pi + V) 


(32) 
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Example. Find the time to reach 80 per cent of final top oil rise of a water- 
cooled transformer under the following conditions: 

A = 25° C. room. ^ 

Cu = 4345 lb. copper. 

Fe = 18,680 lb. of steel, 

G = 2500 gal. of oil. 

L\ = 44,500 watts initial loss. 

Li = 50,000 watts final loss. 

S = 11,400 sq. in. cooling coil surface. 
s = 43,000 sq. in. tank surface. 

T = 34° C. oil rise over incoming water. 

Ta = 9400 lb. iron in tank. 

W = 25° C, incoming water temperature. 


N = ‘ 


50,000 


34 


= 33,300. 


5.6 


/ 50,0Q0 \ 0.6 
Vll,400/ 


U = 


0.02 X 34 [3(18,680 + 9400 + 4345) + 90 X 2500j 


44,500 + 33,300 


= 2.82. 


44,500 + 0 

V = —^ - =-1.48. 

33,300 

(0 - 1)(0.8 + 1.48) 

‘ - ^ '°»“ (0.8 ^ !)(0 + 1.48) - 


For convenience, the hours vs, percentage ultimate oil rise over 
incoming water is plotted in Fig. 17 for various values of K where 


K = 


0.02 X T[2,{Fe + fr„ + C«) + 90G] 
•i2 


= 4.4 for above example. 

• Cooling after Shutdown. Cooling after shutdown is, of course, 
the reverse of heating up. 

Assuming that the loss of heat is proportional to the temperature 
rise, the cooling is expressed by the formula: 

dt = Soe-^' (33) 

where St = temperature rise at any time t of the body over its ambient 
temperature. 

Bo = initial temperature rise or rise at the instant of shutdown. 
e = base of Napierian logarithm. 

^ initial rate of cooling 
initial temperature rise 
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Fig. 17.—Transient Heating of Oil in Water-cooled Transformers, 


liquation (33) may be put in a more convenient form by changing 
wigiiK, adding Bo to both sides and then letting (Bo ~ Bt) = B where B 
Ih the cooling in degrees Centigrade. 

'i'lie resulting equation is 

e = do(i - (^ 4 ) 


Differentiating Equation (33) with respect to time, when ^ = 0 
I hr time constant becomes B. 

'riic "initial rate of cooling” depends upon the thermal capacity of 
(hr body being cooled. Transformer windings consist mainly of 
ropiHT and fibrous insulation. The thermal capacity or energy in 
JoiiIrH required to raise the temperature of copper 1° C. equals the 
Wright of copper times the number of grams in 1 lb. times the specific 
hriil of copper times the number of joules in 1 calorie = W X 453.6 X 
(I.0035 X 4.185 = 177.5FF, where W is the weight in pounds. The 
idlr of lirat storage in copper which is the same as the "initial rate of 

60 Wyatts 

( oolinu ” in degrees per minute is •—= 0.338TFc, where Wc is 

177.5TF 


(hr watts per pound of copper. 

'Ihr tluTmal capacity of most insulating materials by volume ranges 

I toll) about one-third to one-half that of copper. Tests indicate 

dial for most impregnated insulations the value of one-half is more 

iirju ly ('orrect. For an insulated copper conductor or coil, then, the 

.... r .. ^ ..oTx, 2a 0.676aTFc . ^ 

Initial rate of cooling = 0.338lyo-—;— = —-—^-, in which 

A + a A + a 
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a = the cross-sectional area of the copper. 

A = the cross-sectional ayrea of the copper plus the insulation. 
We now have 


B = 


0.676 


aWc 

A -h ^ 


The above expression, of course, does not hold when the average 
temperature of the insulation is considerably lower than the tempera¬ 
ture of the copper. This condition, however, seldom, if ever, exists 
except probably for a few end turns (exposed to line voltage) in the 
windings of a transformer. 

Equation (34) holds and can. be used for the cooling of a single coil 
where the surrounding ambient (air or oil) is not appreciably affected 
by the cooling of the coil itself. But for the usual oil-immersed trans¬ 
former the windings and oil are so intermixed that equation (34) does 
not give accurate results. 

It has been shown,however, that the cooling of the average type 
of oil-immersed winding for the first 4 or 5 minutes after shutdown is 
approximately a function of the watts per pound of bare copper. 

In other words, it was shown that, for practical purposes, the 
cooling can be calculated for a limited time after shutdown without 
considering either the thermal capacity_ of the insulation or the initial 
temperature rise of the winding. Therefore, the process of calculating 
the cooling is greatly simplified as compared with the usual method of 
calculations by considering the thermal capacity of the mass and its 
initial temperature rise. » 

The empirical formula developed for use in estimating the cooling 
of oil-immersed windings after shutdown is of the form 

0 = 1.95TTc0-7 (1 - e-^) (35) 

where 6 = cooling in degrees Centigrade. 

= watts per pound of bare copper. 

= 2.16 X 10’® (at 25° C.) where D = amperes per square 
inch. 

e = base of Napierian logarithm. 

L = 0.106Prc®-^ 
t = time in minutes. 

Figs. 18 and 19 show how the cooling calculated by Equation (32) 
compares with the cooling obtained by tests on both vertical and 
horizontal coils covering a wide range of losses and initial rises. 


Temperature Deg C 
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I Mg. 20 shows the cooling of four different air-blast transformers. 
Nn l'(n-mula has been developed for the cooling of this type of winding. 
'I he curves show that the rate of cooling ranges from § to 1° C. per 
iniiiiite. 

In F'ig. 21 are shown the degrees cooling for various values of Wc 
liH I, 2, 3, 4, 5, 6, and 7 minutes after shutdown as calculated by 
lM|ii;ition (35). 

A.I.E.E. Rule, Paragraph 13-224 (Standards 13, 1930), 
litclinlcd ill the proposed American Standards, as given on p. 310 was 
liiiNcd upon average values of the curves in Fig. 21. 
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Temperature Correction for Cooling of Windings of Apparatus during 
Interval of Time between Shutdown and 
Measurement of Resistance 

Since a drop in temperature occurs in a winding between the instant of shutdown 
and the time of measuring the hot resistance, a correction shall be applied to the 
temperature determined from this measurement so as to obtain as nearly as prac¬ 
ticable the temperature at the instant of shutdown. This correction may be deter¬ 
mined approximately by making a series of resistance measurements and from these 
calculating and plotting a time-temperature curve which is extrapolated back to 
the instant of shutdown. 
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Fig. 20.—Cooling of Air Blast Transformers (Air Shut Off with Load). 


Other permissible simplified methods of determining the correction factor are: 
(a) For Oil-Immersed Apparatus. When the copper loss, as determined by watt¬ 
meter measurement, does not exceed 30 watts per pound, the correction in degrees 
Centigrade may be taken as the product of the watts loss per pound of copper for 
each winding multiplied by a factor that depends upon the time elapsed between the 



Fig. 21. — Cooling of Oil-immersed Windings—Calculated by Equation 35. 
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instant of shutdown and the time the resistance measurement is taken, as given in 
the following table: 

Time in Min^ites Factor 

1 0.19 
0.26 

2 0.32 

3 0.43 

4 0.50 

For intermediate times, the values of the factor may be obtained by interpolation. 

Practice has shown that, when used with proper care, the cooling- 
curve method mentioned above is quite reliable. In some cases, 
however, it is liable to considerable error owing to the difficulty of 
being able to extrapolate back correctly. This is true when consider¬ 
able time is required in obtaining the first readings or when the first 
readings are influenced by the inductance in the windings. Com¬ 
mercially this method is not always practicable on account of the time 
required. 

Temperature Rise with Varying Loads—Duty Cycle Operation. 

Very often it is necessary to estimate the equivalent continuous 
rating of a transformer for duty cycle operation. The formula for 
calculating the equivalent power is of the form 



where P — equivalent power or 
= equivalent kv-a. or 
= equivalent amperes, etc.^ 

S = total time of one cycle. 

hj and b represent various values of power, etc., during time 
intervals 5i, ^ 2 , etc. 

Example. What; is the equivalent continuous current rating of a transformer 
supplying power to a motor having the following duty cycle service: 

1 . 1000 amperes for 5 minutes. 

2. The current drops suddenly to 800 amperes at the end of the 5-minute period 
and then decreases gradually to 300 amperes for 2 minutes. 

3. 5-minute rest period. 

4. The cycle begins over again. 


Substituting in Equation (36): 


1000^ X 5 -h 


F =- 


1 / Boo^ - sm \ 

3 \ SOO - 300 / 


X 2 + 0 


12 


— 68S amperes 
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The continuous rating of the transformer for this cycle should be 
based on delivering 685 amperes continuously. 

For duty cycles where an extremely heavy short-time overload is 
coupled with a long rest period, the temperature rises of both the top 
oil and the windings will, during the peak load, exceed the values 
corresponding to the continuous equivalent load. 

Equation (36) can also be used to calculate the root mean square 
or equivalent load of a load curve shown in Fig. 21a for a 24-hour 
period. 



Fig. 21fl. — Typical Transformer Loading Curve Whose Root Mean Square Load is 
59 Per Cent of Maximum Load as Calculated by Equation 36. 


Dividing the load into blocks the following results are obtained: 


P = 



40 ^- 20 ^ 

40-20 


. l/30^-203\^ 1/100^-30^\ / 

/ ^ 3\ 30-20 j ^ 3\ 100-30 / ^ 

+ 100^ X 4 + 3 

3 \ 100 - 40 / 


24 


= 59. 


That is, a continuous load of 59 per cent of the peak load will give the 
same top oil rise as will the load curve shown. The oil rise will, of 
course, fluctuate above and below the general average during the 
24 hours, but generally the maximum value will occur shortly after 
the peak load. 
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The approximate oil rise during the peak load as well as the coil 
rise over the oil can be calculated by the transient heating formula 
(Equation 31). * 

TEMPERATURE RISE OF A METAL SURFACE OVER OIL AND WATER 

Fig. 2\.h gives the results of laboratory tests made to determine 
the temperature rise of a copper plate when immersed in transformer 
oil and in water at various temperatures and cooled under natural 
circulation of the liquid. The plate—Hi^ in. by 2-j^ in. by -g-J in. 
was in a horizontal-vertical position. 



Fig. 21&.—^Temperature Rise of Smooth Copper Plate X ^ 

Over Liquids—10-C Oil and Water. O Test Points. 

* 

GUIDES FOR OPERATION OF TRANSFORMERS * 

GUIDE FOR LOADING OIL-IMMERSED DISTRIBUTION AND 
POWER TRANSFORMERS 

Scope. These guides cover general recommendations for loading 
oil-immersed transformers (with the exception of forced-oil-cooled 
transformers) including those with synthetic or non-inflammable 
liquid. Reference should be made to the manufacturer for more 
specific recommendations, particularly for large or important trans¬ 
formers. No recommendations for loading transformers of the air- 
blast type have been established. 

* These guides were prepared by the A.S.A. Sectional Committee on Transformers 
for the new American Standards, which will be published in the near future by the 
American Standards Association. Subject to change. 


I 


GUIDES FOR OPERATION OF TRANSFORMERS 


315 


General. The rated output of a transformer is fixed by its name¬ 
plate temperature-rise, measured under specified test conditions. 
The output which it can deliver in service without causing undue 
deterioration of the insulation may be more or less than the rated 
output, depending upon the attendant operating conditions. 

Since the evaluation of the cumulative effects of temperature and 
time in causing deterioration of transformer insulation are not thor¬ 
oughly established, it is not possible to predict definitely the length 
of life of a transformer even under constant or closely controlled con¬ 
ditions, much less under widely varying service conditions. Expe¬ 
rience and tests, however, indicate that the rate of deterioration of such 
insulation approximately doubles for each 8° C. increase in tempera¬ 
ture. Years of service experience have shown that a transformer 
rated in accordance with the Standards will generally have a reason¬ 
ably long life under usual service conditions. Service conditions which 
may be regarded as usual have been established in the following para¬ 
graphs to serve as a guide for the loading of transformers in service. 

Transformers Equipped with Means for Determining the Winding 
Temperature. When temperature indicators for determining the 
winding temperature under operating conditions are available, the load 
should be controlled to limit the winding temperature to safe values. 

Temperature Maintained Continuously, When the temperature 
is maintained continuously the following limits should not be exceeded: 


For an Indicator Marked Winding Temperature 

in Terms of Limits, °C. 

Hottest spot temperature. 95 

Embedded detector temperature. 90 


Temperature Due to Recurrent Short-Time Overload Operation. 
A recurrent short-time overload is one of limited duration that is 
imposed in accordance with a known schedule; it is regarded as 
occasional and not occurring oftener than approximately once every 
24 hours. The following limits should not be exceeded: 


For an Indicator Marked in 

Terms of 

Time in any 24-hour period 

2 hours 

8 hours 

24 hours 

Hottest spot temperature. 

Embedded detector temperature. 

110“ C. 
105“ C 

105° C. 
100° C. 

95° C. 

90° C. 
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Temperature Due to Emergency Short-Time Overload Oper¬ 
ation. An emergency short-time overload is an unexpected over¬ 
load of limited duration; ft is to be regarded as of infrequent 
occurrence. 

The following temperatures may be permitted for such over¬ 
loads : 


For an Indicator Marked in 


Terms of 

2 hours 

8 hours 

24 hours 

Hnttpsf snnf tpmneratiirp. _ _ 


115° C. 

110° C. 

105° C. 

Embedded detector temperature.. 

110 ° c. 

105° C. 

100° C. 


Time 


Transformers Not Equipped with Means for Determining the 
Winding Temperature, but with Oil Temperature Indicator. On 

account of the large differences between the winding and oil tempera¬ 
tures of various designs under full load conditions and the time lag 
between windings and oil under varying load conditions, the oil 
temperature alone cannot serve as an accurate guide in loading trans¬ 
formers. When it is necessary to use the oil temperature as an 
accurate guide, it should be supplemented with a curve or tabulation 
giving permissible oil temperatures fftr various loads for that particular 
transformer. 

The values of oil temperature vs. loads given below are con¬ 
servative, being based (1) upon a difference of 15° C. between winding 
and oil temperatures at 100 per cent self-cooled rating, (2) upon a 
difference of 20° C. between winding and oil temperatures at 
100 per cent forced-air-cooled rating, and (3) upon this difference 
varying as the square of the load. These values are given prin¬ 
cipally as a rough guide for overloading and do not necessarily hold 
for 100 per cent load where the difference between the winding and 
oil temperatures is less than 15 and 20° C., respectively, as is often 
the case. 

The values given in the tabulations pages 317 and 318 may be used 
as a rough guide for loading transformers. 
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Temperature Maintained Continuousi.y 


Load, Per Cent 

Oil Temperature Limits, °C. 

Self-Cooled 

Forced-Air Cooled 

Sdf-Cooled 

Forced-Air Ccx>led 

100 

100 

70 

65 

116 

112 

65 

60 

129 

122.5 

60 

55 

142 

132 

55 

50 

153 

141 

50 

45 

163 

ISO 

45 

40 


Transformers Not Equipped with Means for Determining the 
Temperature. For transformers not equipped with temperature 
indicators that indicate the temperature of the transformer under 
operating conditions, the load should be limited to values which will 
not cause excessive temperatures. The following values have been 
established as reasonable for transformers of usual design having a 
winding temperature rise (by resistance) of 55° C. at rated load. 


Recurrent Short-Time Overloads 


Load, Per Cent 

Oil Temperature Limits, °C. 



Self-Cooled 

F orced-Air-Cooled 

Self- 

Forced- 







Cooled 

Aii-Cooled 

2 hours 

8 hours 

24 hours 

2 hours 

8 hours 

24 hours 

100 

100 

85 

80 

70 

80 

75 

65 

116 

112 

80 

75 

65 

75 

70 

60 

129 

122.5 

75 

70 

60 

70 

65 

55 

142 

132 

70 

65 

55 

65 

60 

50 

153 

141 

65 

60 

50 

60 

55 

45 

163 

150 

60 

55 

45 

55 

50 

40 


Rated Load Maintained Continuously. A transformer may be 
operated continuously at rated load with rated voltage provided that 
(a) the temperature of the cooling air at no time exceeds 40° C. and 
the average temperature of the cooling air during any 24-hour period 
does not exceed 30° C.; (&) if water-cooled, the average temperature 
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Emergency Short-Time Overloads 


Load, Per Cent 

i 

Oil Temperature Limits, °C. 


Self- 

Forced- 

Self-Cooled 

Forced-Air-Cooled 

Cooled 

Air-Cooled 

2 hours 

8 hours 

24 hours 

2 hours 

8 hours 

24 hours 

100 

100 

90 

85 

80 

85 

80 

75 

116 

112 

85 

80 

75 

80 

75 

70 

129 

122.5 

80 

75 

70 

75 

70 

65 

142 

132 

75 

70 

65 

70 

65 

60 

153 

141 

70 

65 

60 

65 

60 

55 

163 

150 

65 

60 

55 

60 

55 

50 


of the cooling water during any 24-hour period does not exceed 25° C.* 
Continuous Load Limits for Daily Average Cooling Medium Temper¬ 
atures of Higher Values. When the average temperature of the cooling 
air during any 24-hour period exceeds 30° C., it is recommended that 
the load be reduced 2 per cent below rated kv-a. for each degree Centi¬ 
grade that the average temperature of the cooling air exceeds 30° C. 

For water-cooled transformers the load should be reduced 2 per 
cent below rated kv-a. for each degree Centigrade that the average 
cooling water temperature exceeds 25°,C. 

The use of transformers in cooling air exceeding 50° C. or with 
cooling water exceeding 35° C. should be given special consideration. 
Continuous Load Limits for Daily Average Cooling Medium Tem¬ 
peratures of Lower Values, (a) Oih-immersed self-cooled transformers 
may be loaded continuously 1 per cent above rated kv-a. for each 
degree Centigrade that the daily average temperature of the cooling 
medium (air) is below 30° C. 

(&) Oil-immersed self-cooled, forced-air-cooled transformers may be 
loaded continuously 1 per cent above their self-cooled rated kv-a. for 
each degree Centigrade that the daily average temperature of the cool¬ 
ing medium (air) is below 30° C. For example, if the self-cooled rating 
is 10,000 kv-a. and the forced-air-cooled rating is 13,333 kv-a., the per¬ 
missible continuous loading with a daily average air temperature of 0° C. 
would be 13,333 + (0.30 X 10,000) = 16,333 kv-a. with forced-air-cool- 
ing. This increase amounts to 0.75 per cent of its forced-air-cooled 
rating for each degree Centigrade that the ambient is below 30° C. 

* The lower temperature of 25° C. is recommended for water-cooled transformers 
because of possible impairment of the cooling system. 
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(c) Oil-imlnersed water-cooled transformers may be loaded con¬ 
tinuously 1 per cent above rated kv-a. for each degree Centigrade that 
the daily average temperature of the cooling medium (water) is below 
25° C, 

{d) Continuous loads greater than 130 per cent of rated kv-a. for 



Fig. 22. —Recurrent Short-time Overloads for Self-cooled Oil-immersed Trans¬ 
formers. For 30° Ambient. 


Note .—For forced air-cooled oil-immersed transformers use 75% of the indicated 
increase over rated load current shown by these curves. 

Note .—See Fig. 24 for Small Transformers. 


A —Following No Load (Excitation only) 

A 

and R 


B —Following 50% Load 

C—Following 75% Load 

Curves 

Based 

On 

2 sec. 

13.00 

6.50 Times Rated Load Current 

D —Following 90% Load 

R —Following Full Load 

5 sec. 

8.00 

4.00 


10 sec. 

6.00 

3.00 


30 sec. 

4.00 

2.00 


60 sec. 

3,25 

1.60 


5 min. 

2.10 

1.30 


30 min. 

1.45 

1.15 


120 min. 

1.20 

1.10 


self-cooled transformers, even though the temperature of the air be 
lower than 0° C., and continuous loads greater than 125 per cent of 
rated kv-a. for water-cooled transformers, are not recommended. 

Recurrent Short-Time Overloads for Self-Cooled, Oil-Immersed 
Transformers."^ Recurrent short-time overloads may be applied to 

* Recommendations for the short-time overloading of oil-immersed transformers 
of the water-cooled type have not yet been established. 
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self-cooled oil-immersed transformers with daily average cooling air 
at 30° C. in accordance with the curves given in Fig. 22. Exception: 
For network transformers ^ted 500 kv-a. and below and for other 
transformers rated 100 kv-a. and below and rated below 15,000 volts, 



Fig. 23.—Emergency Short-time Overloads for Self-cooled Oil-immersed Trans¬ 
formers for 30° C. Ambient. 


Note.or forced air-cooled oil-immersed transformers use 75% of the indicated 
increase over rated load current shown by these curves. 

Note .—See Fig. 24 for Small Transformers. 

A —Following No Load (Excitation only). 

B —Following 75% Load. * A and C 

C—Following Full Load, Curves Based on 


2 sec. 25.0 
5 sec. 16.0 
10 sec. 10.5 
30 sec. 6.0 
60 sec. 4,7 
5 min. 3.0 
30 min. 1.9 
120 min. 1.4 


25.00 Times Rated Load Current 
14.00 
9.00 
5.00 
3.70 
2.40 
1.60 
1.25 


recurrent short-time overloads following no load may be applied in 
accordance with the curve given in Fig. 24. 

Emergency Short-Time Overloads for Self-Cooled^ Oil-Immersed 
Transformers. Emergency short-time overloads may be applied to 
self-cooled, oil-immersed transformers with daily average cooling air 
at 30° C. in accordance with the curves given in Fig. 23. 
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For network transformers rated 500 kv-a. and below and for other 
transformers rated 100 kv-a. and below and rated below 15,000 volts, 
emergency short-time overloads following full load may be applied in 
accordance with the curve given in Fig. 24. 

Recurrent and Emergency Overloads with Cooling Air Temperatures 



Fig. 24.—Short-time Overloads for Self-cooled Oil-immersed 55° C, Transformers 

for 30° C. Ambient. 


For Transformers 100 Kv-a. and smaller, below 15000 volts; and for Network Trans¬ 
formers 500-Kv-a. and smaller. 

Note .—For forced air-cooled oil-immersed transformers use 75% of the indicated 
increase over rated load current shown by these curves. 


Curve A —Emergency Short-time Overloads follow¬ 

Duration 

Overload in 


ing Full Load. 

of 

Multiples of Rated 

Curve 

Curve B —Recurrent Short-time Overloads follow¬ 
ing No Load (Excitation only). 

Overload 

Load Current 


4 sec. 

25.0 

A 



10 sec. 

13.7 

A 


30 sec. 

6.7 

A 


60 sec. 

4.75 

A 


5 min. 

2.8 

A 


30 min. 

1.85 

B 


60 min. 

1.6 

B 


2 hoturs 

1.4 

B 


5 hours 

1.2 

B 


Other Than 30° C. Short-time loads (shown in Figs. 22, 23, and 24) 
may be increased by 1 per cent of the continuous self-cooled rating 
for each degree Centigrade that the daily average ambient air tem¬ 
perature is below 30° C. except that no further increases are recom¬ 
mended for ambient air temperatures lower than 0° C. 
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Short-time loads should be reduced 2 per cent of the continuous 
self-cooled rating below the recommended load for,each degree Centi¬ 
grade that the daily average temperature of the cooling air exceeds 
30° C. 

The use of self-cooled oil-immersed transformers in cooling air 
exceeding 50° C. should be given special consideration. 

Increased Periods of Operation of Pole-Type Constant-Current 
Transformers for Ambient Temperatures Lower Than Normal Since 
pole-type constant-current transformers operate outdoors at night 
when the ambient temperature is comparatively low, it is often desir¬ 
able to take advantage of the longer period of operation within the 
limiting temperature rise which is made possible by an ambient 
temperature lower than normal. For these reasons, the time of opera¬ 
tion of a pole-type constant-current transformer may be increased as 
the average ambient temperature decreases, as follows; 


Average Ambient 
Temperature, °C* 
30 
25 
20 
15 
10 


Period of Operation, 
hours 
8 
10 
12 
14 
16 
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CHAPTER X 


CHARACTERISTICS OF TRANSFORMER CIRCUITS FOR 
CHANGING RATIO UNDER LOAD 

By L. F. Blume 

The modern method of adjusting turn ratio of transformers for the 
purpose of maintaining constant voltage at selected points on systems 
originated in the operating difficulties encountered when two central 
stations were interconnected by high-tension transmission lines. It 
was found possible to maintain both bus voltages constant by the 
control of the generator fields only at the expense of large wattless 
circulating currents between generators, which greatly decreased the 
value of the distant station and the interconnecting line. As soon as 
the effectiveness of the control of transformer ratio in overcoming this 
limitation was realized, the demand for “load ratio control" equip¬ 
ments in large power transformers grew rapidly and stimulated the 
development of a variety of switching equipments and remote-control 
motor-operated mechanisms by which transformer ratio could be 
instantly varied without interfering with load. Freedom from trouble 
in the operation and maintenance of these devices has resulted in a 
wide extension of their application so that they are now being used 
not only in combination with practically all ratings of power trans¬ 
formers, but also in any portion of a transmission or distribution 
system where voltage is to be maintained constant. 

In any a-c. constant potential system involving two or more 
separately located and independently varying loads, series impedance 
introduces changes in the relative voltage level between the two points 
with changes in load, which cannot be neutralized by the control of the 
generator field. Auxiliary voltage-control devices are therefore 
required if the voltage at the several points of utilization are to be 
maintained at substantially constant value. This fact has long been 
recognized as is evident by the widespread use of the induction voltage 
regulator over many years. However, with the extensive growth 
of systems involving an increase in the series impedance between load 
centers, an increase in the number of load centers on a given system, 
and an increase in the diversity of loads, the problem of maintaining 
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adequately constant voltage at all points of utilization has become 
more complex. At the same time the widespreading use of such con¬ 
suming devices as the elefctric range and refrigerator, demanding for 
satisfactory operation the maintenance of substantially constant volt¬ 
age, has effectively broadened the demand for voltage-regulating 
apparatus. 

PHYSICS OF TAP CHANGING UNDER LOAD 

Although, in the application of load ratio control to power trans¬ 
formers, a wide variety of mechanical methods have been developed 
and a large number of special connections have been evolved, never¬ 
theless the underlying principle remains unchanged, which is illustrated 
by the transformer connection diagram, Fig. 3. The process of mov¬ 
ing from one transformer tap A to the adjacent transformer tap B con¬ 
sists in closing the circuit at tap B before opening the circuit at A. 
During the interval which exists when circuit at both tap A and B is 
closed, a circulating current flows in the local circuit A-B-C limited 
by the impedance of this circuit (Fig. 1). Usually the most satisfac¬ 
tory method of limiting the circulating current is to provide in this 
circuit a reactor, or auto-transformer, the middle point (7 of which is 
brought out and used to complete the circuit, as shown in the diagrams. 

In the design of the amount of reactance which is to limit the cir¬ 
culating current which flows when adjacent taps are simultaneously 
connected, two conflicting requirements must be kept in mind; 
namely, first, the circulating current must not be excessive, and second, 
the variation of reactance during the switching cycle should not be so 
large as to introduce undesirable fluctuations in line voltage. 

are three possible positions; (a) both sides of reactor con¬ 
nected to the same tap (Fig. 2); (b) one side of reactor disconnected 
(Fig. 3); and (c) reactor connected across adjacent taps (Fig. 1). It 
js desirable to examine in detail each of these positions. 



Fig. 1. —Bridging Position, 



Fig. 2.— Symmetrical Position, 
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(a) Symmetrical Position^ in which both sides of the reactor are 
connected to the same tap, see Fig. 2. The load current divides 
equally between the two halves of the reactor flowing in opposite 
directions. The reactor is magnetized only on account of the leakage 
reactance between the two halves, which may be reduced to an inap¬ 
preciable value by interlacing. The impedance introduced into the 
circuit by the presence of the reactor in this position thus is small, 
being made up of the leakage reactance and resistance of the copper. 
As the leakage flux may be considered negligible, the only energy losses 
are the copper losses due to 50 per cent of load current flowing in each 
reactor half. 

{h) Asymmetrical Position, The first operation in transferring the 
oad to tap B consists in opening one of the connections on tap A , and 



Fig. 3.—Asymmetrical Fig. 4.—Circuit Voltage Relations 

Position. Involved in a Tap Change. 


the asymmetrical position shown in Fig. 3 is obtained. All the load 
now must flow through one-half of the reactor winding, magnetizing 
the reactor, and the reactance voltage thus induced is introduced into 
the circuit. As the magnetizing reactance of the reactor is large 
compared to its leakage reactance, it is evident that the reactance of 
the circuit has been increased as compared with the position described 
in paragraph (a). Considerable care must be exercised by the designer 
to prevent an excessive increase in the reactance of the circuit in this 
position if excessive arcing duty on the circuit breakers and also gross 
inequality in adjacent voltage steps are to be avoided. 

(c) Bridging Position. The next operation consists in closing the 
circuit on tap B, which results in the reactor bridging adjacent taps. 
(See Fig. 1.) The voltage between adjacent taps is now impressed 
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on the reactor, and an intermediate potential between taps A and B 
is applied to the circuit. It is evident that two currents are flowing, 
viz., the load current, which divides in two equal halves as in the sym¬ 
metrical position, and a magnetizing current or circulating current, 
which, as a result of the reactor bridging across adjacent taps, flows in 
the local circuit consisting of the reactor and that portion of the trans¬ 
former winding across which the reactor is connected. 

The requirements imposed by the asymmetrical position (Fig. 3) 
and bridging position (Fig. 1) are conflicting, since to design with 
relatively high reactance, so as to have a small circulating current, 
results in a relatively large reactance drop in the asymmetrical posi¬ 
tion and consequently in an undesirably large fluctuation in line volt¬ 
age. If the reactor has an iron core, gaps are necessary in the magnetic 
circuit. A magnetizing current of the order of 60 per cent full load 
current may be considered a good compromise. 

The voltage change which takes place for a given operating condi¬ 
tion can be best shown by means of vector diagrams, as for example 
Fig. 4, which illustrates on an exaggerated scale the voltage changes 
which take place during switching. In this figure, AL represents the 
line voltage and .4^ is the voltage between adjacent taps. In operat¬ 
ing the control equipment from tap A to the adjacent tap line 
voltage E has the following successive values: 

LA when both contacts are closed on tap Aj symmetrical position. 
Connection diagram Fig. 2. 

L-1 when only one contact is closed on tap Aj asymmetrical posi¬ 
tion. Connection diagram Fig. 3. A-1 is the voltage drop across 

reactor half. 

L-2 when reactor is bridging taps A and B. Connection diagram 
Fig. 1. 

L-3 when contact is closed only on tap B, B~3 is the voltage drop 
' across reactor half. 

L-B when both contacts are closed on tap B, 

AA and B-3 are the reactance voltages introduced into the circuit 
by the reactor in the asymmetrical positions. A close-up view of this 
vector diagram is given in Fig. 5, which is drawn to scale for the fol¬ 
lowing conditions: 

(a) One hundred per cent load at 80 per cent power factor. 

ih) Reactor designed for 60 per cent circulating current with tap 
voltage AB IS impressed across reactor. 

{c) The two halves of reactor are assumed to be perfectly inter¬ 
laced, and the voltage drop due to the resistance of the reactor is 
neglected. 
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The corresponding currents are shown in Fig. 6. 

A general formula for the extra reactance voltage drop AA and 
B-3, introduced into the circuit by the asymmetrical position, is 

I T 

Reactance volts A-\ = 7' T (^) 

Ic 4 


where T = voltage between adjacent taps = AB in Figs. 1, 2, 3, 4, 5. 
I = load current. 

Ic = magnetizing current of the reactor. 


In other words, the reactance volts introduced into the circuit in 
the asymmetrical position is equal to 25 per cent of the tap voltage 


A 



Fig. 5. —Voltage Relations Across Reactor 
and Contacts Involved in a Tap Change. 



Fig. 6. —Current Relations Involved 
During a Tap Change. 


multiplied by the ratio of load current to the reactor magnetizing 
current. 

It follows from Equation (1) that for a load current equal to twice 
the magnetizing current the reactance voltage introduced into the 
circuit in the asymmetrical position is equal to 50 per cent of the volt¬ 
age between adjacent taps. As this voltage is equal to that which 
appears across the reactor half when in the bridging position, it follows 
that the voltage across the reactor and the flux in the reactor are the 
same for both the asymmetrical and bridging position, when the load 
current is equal to twice the magnetizing current of the reactor. 

The above relation is a convenient starting point for determining 
the voltage appearing across the reactor in the asymmetrical position 
for various values of load current. This voltage is twice the voltage 
given in Equation (1). 
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Therefore 

I T 

Xioltage A-4: = — X — 

Ic 2 

In other words, considering the normal voltage between adjacent 
taps as unity, the voltage which appears across the reactor in the 
asymmetrical position is equal to one-half of the ratio of load current 
to magnetizing current. 

It is evident that this ratio should be kept small in order to avoid: 

1. Excessive voltage appearing across reactor. 

2. Excessive voltage to be ruptured. 

3. Undue fluctuations in line voltage. 

The change in voltage introduced into the circuit due to the above 
change in reactance which is the in-phase component of .4-1 on is 

IT, 

— X — sin 0 (2) 

Ic ^ 

where sin B = reactive factor of the load. 

In the asymmetrical position, the voltage across the open breaker 
is the resultant of tap voltage AB^ combined with the voltage across 
the two outside terminals of the reactor. In Fig. 5, the reactor volt¬ 
age is 4-4 or depending upon which contactor is closed. The 
combined voltage is shown by the dotted lines BA, with contactor B 
open, and 4-5 with contactor 4 open. 

It is evident that these voltages, which are the voltage rupturing 
duty of the contactors, increase with: 

1. Increase in the normal voltage for which adjacent taps are 
designed. 

2. Increase in load. 

3. Decrease in power factor of load. 

4. Decrease in the magnetizing current for which the reactor is 
designed. 

The important differences between the operating characteristics 
of various types of load ratio control equipments depend upon which of 
the various positions above described are selected by the designer as 
operating positions. 

Case I. Operations Alternately on Asymmetrical and Bridging 
Positions. (Positions 1, 2, 3, in Fig. 5.) Operation in this manner is 
one of the oldest forms as it was frequently used in connection with 


PHYSICS OF TAP CHANGING UNDER LOAD 


329 


relatively small units many years ago. The number of transformer 
taps is one-half of the voltage steps required. The connection dia¬ 
gram shown in Fig. 8 is a typical example in which five circuit breakers 
or contactors, connected to five transformer taps, are used to derive 
nine voltages. * 

A critical examination of these voltages as plotted in the vector 
diagram Fig. 5 shows that the voltage steps are not uniform. Thus, 
referring to Fig. 5 the transfer from the asymmetrical position 1 to 
the bridging position 2 involves a voltage change equal to the projec¬ 
tion on the vertical line AB oi the voltage vector (1-2). During the 
next operation which involves the transfer from the bridging position 
2 to the asymmetrical position 3, the voltage change introduced into 
the circuit equals the projection on the vertical AB of the vector 2-3. 
It is evident that adjacent voltage changes in this particular case vary 
in the ratio of about 1:3. Thus, for average voltage steps of 2\ per cent 
the actual steps obtained (at 80 per cent power factor load and reactor 
designed for 60 per cent circulating current) are alternately 1.25 and 
3.75 per cent. 

This inequality in adjacent voltage steps is influenced first by the 
amount and power factor of the load, and second by the character¬ 
istics of the reactor used. The precise value of this voltage change is 
derived from Equation (2). The total voltage change resulting from 
switching from the asymmetrical position 3 to the bridging position 2 is 


T 

2 


I T . 
Ic 4 


(3) 


The total voltage change resulting from switching from the bridg¬ 
ing position 2 to the asymmetrical position 3 is equal to 


T IT 

- + (4) 


- Adjacent voltage steps differ from each other by an amount equal 
to the difference between Equations (3) and (4) or 

I T . 

--sm» (5) 

Equations (3) and (4) are plotted as a function of the power factor 
of the load in Fig. 7, from which the effect of power factor and size of 
the reactor on voltage inequality is apparent. It is evident that, al¬ 
though the steps are uniform at unity power factor, yet only a slight 
departure from unity is sufficient to introduce appreciable inequality 
in adjacent steps. 
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Case II. Operation Alternately on Symmetrical and Bridging 
Positions. Unequal voltage steps are eliminated by the addition of a 
sixth circuit breaker, which is connected across the reactor terminal. 
It is operated alternately with the other breakers so as to short-circuit 
the reactor, in order to derive a symmetrical operating position from 
an otherwise asymmetrical position. The connection diagram is shown 
in Fig. 9. The sequence of operation of the five breakers is the same 
as before. The sixth breaker must always be opened in advance of the 
bridging position to avoid short circuit. However, this improvement 

is accomplished at the ex¬ 
pense of the introduction on 
alternate operating positions 
of the circulating current in¬ 
cident to the bridging posi¬ 
tion. 

Comparing the bridging 
and symmetrical positions, 
the division of load currents 
between the reactor halves 
are the same for both. In the 
bridging position, however, a 
magnetizing or circulating 
current flows in the reactor 
in addition to the load cur¬ 
rent, and in the portion of the 
transformer winding bridged. 
The effect of this current is 
to increase the magnetizing 
kv-a. which the transformer 
takes from the system. As¬ 
suming, for example, 60 per 
cent circulating current in the 
reactor bridging, 5 per cent of the circuit voltage means a magnetizing 
kv-a. equal to 5 X 0.6 or 3 per cent of the rated kv-a. of the trans¬ 
former. In other words, in the bridging position the magnetizing 
current supplied by the circuit consists of the usual transformer mag¬ 
netizing current plus the magnetizing kv-a. introduced by the reactor, 
which is equal to 3 per cent of the transformer rating. 

Case III. Operation on Symmetrical Position Only. A further 
improvement in the electrical characteristics is obtained by operating 
permanently only on the symmetrical position, using both the bridging 
and asymmetrical positions merely as transitional positions. The 



o -a-Reactor Designed for 100% Circulating Current, 
b-b-Reactor Designed for 60% Circulating Current 


Fig. 7.—Influence of Reactance on Voltage 
Steps. 
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sequence of operation is A-1-2-3-B (Fig. 5), as in Case II, with the 
difference that only positions A and B are the operating positions. 
The number of transformer taps provided are equal to the number of 
voltages desired. Thus to obtain nine operating positions, and using 
connection diagram. Fig. 9, nine transformer taps are required together 
with ten contactors. The reactor is designed for the voltage step 



Fig. 8 . —Five Con¬ 
tactors Operating 
Alternately on 
Asymmetrical and 
Bridging Positions 
to give Eight Steps. 



Fig. 9. —-Six Con¬ 
tactors Operating 
Alternately on 
Symmetrical and 
Bridging Positions 
to give Eight Steps. 


required instead of twice this value as in the previous cases. The fol¬ 
lowing advantages are obtained: 

(1) Losses due to circulating current and core loss in the reactor are 
eliminated, since in every operating position the reactor is short- 
circuited. 

(2) As twice the number of taps are used the voltage between taps 
is one-half and therefore the voltage impressed on the reactor during 
switching is only one-half of that for both Cases I and II. 

(3) The additional magnetizing kv-a. supplied by the circuit to the 
transformer, due to the magnetizing kv-a. of the reactor, which is 
introduced on alternate positions in Case I and Case II, is present only 
during the brief instant of switching. Moreover, the value of this 
magnetizing current is reduced 50 per cent owing to the fact that the 
kv-a. rating of the reactor is now one-half of its rating when designed 
for Case I and Case 11. 
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(4) The rupturing duty on the breakers is reduced 50 per cent 
because the voltage between adjacent taps is now one-half for the 
same total tap range. Ho\^ever, this advantage is partially offset by 
the fact that the number of interruptions in the circuit breaker is 
doubled. 

(5) The instantaneous voltage changes during a switching opera¬ 
tion are plotted on Fig. 11 for all three cases above described. All are 
plotted for full load at 80 per cent power factor, and for a reactor 
designed for 60 per cent circulating current and a transformer designed 
for 2.5 per cent voltage steps. By means of this figure, a comparison 

of the three cases from the standpoint of voltage 
performance is possible. Cases II and III appear 
to be equally good and both superior to Case I 
from the point of view of obtaining equal voltage 
steps. Case III, however, possesses the additional 
advantage in that the instantaneous changes in¬ 
volved in a cycle of operation are 50 per cent less 
severe than in Case II. Evidently considerably 
smoother voltage transitions are obtainable by the 
use of Case III. 

A convenient and compact mechanical arrange¬ 
ment by which nine symmetrical positions can be 
obtained is by using a nine-position multistep 
switch by means of which two contacts are made 
to move progressively over nine stationary contacts 
each connected to a transformer tap. Diagram- 
matically this is shown in Fig. 10, in which 1, 2 
are two moving "fingers, across which is connected 
the reactor R. For moderate currents the fingers 
can be made suitable for rupturing the current 
directly. When the current rating is sufifiicent to make the arcing 
too severe to be broken directly on the fingers of the multistep 
switch, auxiliary contactors or circuit breakers 3, 4 are connected in 
series with each finger for the sole purpose of rupturing the current 
before contact on stationary shelves is broken by the finger. The 
sequence of operations is shown in Fig. 14, o, &, c, d. The shelves must 
be wide enough to provide ample contact for both fingers in the sym¬ 
metrical position (a), close enough together for the bridging position 
(c), and separated sufficiently so that in the asymmetrical position 
(b) and (d) there will be no danger of an arc being carried across 
adjacent taps. 



er with Two Con¬ 
tacts Operating on 
Symmetrical Posi¬ 
tion Only to give 
Eight Steps. 
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Connections Using Inherent Transformer Reactance to Limit 
Circulating Current. The connection diagrams described above 
utilize reactors to limit the circulating current which flows when con¬ 
nection is simultaneously made on two adjacent transformer taps. 
Connection diagrams are frequently used in which the reactor is 
omitted, and the circulating current flowing when simultaneous con¬ 
nection is made on adjacent taps is limited by the inherent reactance 
existing between transformer windings. A simple circuit of this sort 
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Case Ho. 3 
See Fig. 10 


Fig. 11.— Voltage Changes During Switching Cycle, 


is shown in Fig. 12, which consists of a transformer winding, a part of 
which is made up of two identical sections connected in parallel. The 
operation of the breakers BB with reference to the ratio adjusters RR 
is the same as in Fig. 10. When the ratio adjusters are connected 
simultaneously on adjacent positions, the circulating current flows in 
these portions of the transformer winding connected in parallel, and its 
value is determined by the reactance between the parallel halves. In 
the design of such a circuit, therefore, it is necessary to provide suffi- 
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cient reactance between the two parallel circuits to limit the circulat¬ 
ing current to proper values. The formulas derived above for cir¬ 
culating current, the voltages which appear across the open breaker, 

and the rupturing duty on the breakers are 
the same as when external reactors are used. 
In such transformer ratings where multiple 
circuits are easily incorporated into the 
design or where a multiple circuit would be 
employed for other design reasons, this method 



Fig. 12, —Circuit Using 
Inherent Reactance Be¬ 
tween Transformer Coils 
to Limit Circulating 
Current. 



Fig. 13. —Circuit Using Inherent React¬ 
ance Between Halves of Series Trans¬ 
former Winding to Limit Circulating Cur¬ 
rent—Potentiometer Connection. 


possesses the advantage that the external reactor is eliminated, 
thereby saving space in the tank, extra clamping structure, and the 
other mechanical complications due to the use of a separate core. 
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Fig. 14.—Details of Operation of Ratio Adjuster Used in the Connections shown in 

Figure 10. 
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Another connection which has been frequently used, in which the 
inherent reactance between transformer windings is relied upon to 
limit circulating current, is the so-called potentiometer arrangement 
for application to regulating transformers utilizing an exciting trans¬ 
former and a series transformer. Such a circuit is shown in Fig. 13. 
In this circuit the secondary of the exciting transformer is provided 
with taps covering 100 per cent of the winding. The middle point of 
the tapped winding is connected permanently to the middle point of the 
primary winding of the series transformer. The ratio adjusters RR 
progress in opposite directions along the taps, and they are mechan¬ 
ically geared so that the difference in voltage which exists on the two 
halves of the series winding is never more than the voltage between 
adjacent taps. Essentially this circuit is a parallel circuit, and the 
circulating current introduced on the equivalent bridging position is 
limited by the inherent reactance existing between the two halves of 
the primary winding of the series transformers, plus the reactance 
existing between the two halves of the secondary windings of the 
exciting transformer. 
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TYPICAL TRANSFORMER DIAGRAMS FOR CHANGING 
TRANSFORMER RATIO UNDER LOAD 


By L. F. Blume 


Voltage Control—^A Part of the Power Transformer. The simplest 
and generally the least expensive connection for voltage control is to 
provide the necessary taps in the power transformer. For single-phase 
or three-phase delta connection the taps are preferably located on the 
interior of the winding, Figs. 1 and 2, so as to avoid the abnormal 
voltage stresses to which end coils are usually subjected. In the 



Fig. 1. —Tap Chang¬ 
ing Equipment con¬ 
nected to Interior of 
Transformer Winding 
with 8-step Ratio Ad¬ 
juster operating on 
Symmetrical Posi¬ 
tions to give 8 steps. 



Fig, 2. —Tap Chang¬ 
ing Equipment con¬ 
nected to Interior of 
Transformer Wind¬ 
ing, with 6 Contact¬ 
ors, operating Alter¬ 
nately on Symmetri¬ 
cal and Bridging Posi¬ 
tions to give 8 steps. 


Y-connection the taps may be placed at the neutral end of the wind¬ 
ing, Fig. 3, and if the neutral is to be solidly grounded it becomes pos¬ 
sible by locating the taps next to ground to use contactors and ratio 
adjusters designed with greatly reduced insulation, thus, for example, 
15-kv. apparatus may be placed in the grounded neutral end of a cir¬ 
cuit as high as 73 kv. 
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If the rated current of the transformer exceeds that of the mechan¬ 
ical equipment, a second core may be added, which constitutes a series 
transformer (Fig. 4). Excitation is derived from taps inserted in the 
secondary of the power transformers, and, by means of the series 
transformer, the desired voltage is inserted into the circuit. Thus, if 
a ratio of 3 : 1 exists in the series transformer, the current handled 
by the switching equipment becomes one-third of the current in the 
line. 

Regulating Transfonners—Single-Core, When the power trans¬ 
former is not available, or it is not desirable to equip the power unit 
with voltage control, regulating auto-transformers are used. In the 
simplest of these, the necessary taps and switches are placed in the 



Hiutruf 


Fig. 3. —Tap Chang¬ 
ing Equipment con¬ 
nected to End of 
Transformer Winding. 



Fig. 4. —Tap Changing Circuit with 
taps located on interior of Transformer 
Winding and an Auxiliary Series Trans¬ 
former to bring the current and volt¬ 
age duty on equipment within rating 
limits. 


series winding of an auto transformer, Fig. 5. For three-phase circuits, 
in order that the derived voltage may be in phase with circuit voltage, 
a Y-connection is commonly used, and hence all the precautions nec¬ 
essary to safeguard the operation of Y-connected auto-transformers 
should be observed. A tertiary winding may or may not be provided, 
depending upon circuit conditions. As the series winding is inserted 
in the line, adequate insulation must be provided for the tap changing 
equipment and taps against the abnormal voltages to which the cir¬ 
cuit is subjected. The delta connection is not used on account of the 
resulting angular phase displacement between primary and secondary 
circuits, but instead, the open-delta connection may be used, since 
angular displacement between primary and secondary circuits is 
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avoided, and at the same time the switching equipment is reduced 
from three units to two unit|. With the connection diagram, Fig. 5, 



Fig. 5 .—Regulating Single- 
Core Auto-transformer 
with Taps Located in 
Series Winding and Circuit 
Connected for Boost and 
Buck. 



Fig. 6. — Regulating Single- 
Core Auto-transformer, Using 
Two Switching Units to Ob¬ 
tain Boost and Buck. 


plus-minus voltage control is obtained by connecting outgoing line to 
the middle point of the series winding, and thus in either the maximum 

buck or the maximum boost 
position half of the winding 
only is utilized. The size of 
the auto-transformer may be 
reduced 33 per cent for a given 
output, by arranging the con- 




Fig. 7,—Regulating Single-Core Auto-trans¬ 
former with Reversing Switch to Obtain 
Boost and Buck. 


Fig. 8. — Regulating Single-Core 
Auto-transformer, Using Single 
Contact Finger, Together with 
Permanent By-pass Between Line 
and Series Winding. 
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nections so that all the series winding is used in both the maximum 
buck or maximum boost position. This is accomplished by the con¬ 
nection, Fig. 6, which makes use of a duplicate set of switching 
equipment operating alternately and in opposite directions along the 
same set of taps. The diagram illustrates the maximum buck posi¬ 
tion. In addition to the economy obtained in the size of the auto¬ 
transformer, it is evident that the number of positions obtainable 
is equal to twice the number of taps, and that the arcing duty is 
divided between two sets of contact fingers, and also as the arcing 
duty on contacts is divided between two sets, a longer life of 
the contact fingers is obtained. The same result may be accom¬ 
plished by means of a reversing switch which functions to reverse 
the connections to the series winding when the regulator is passing 
through the neutral position. The circuit is so designed and the 
mechanical sequence is such that the reversing switch operates with¬ 
out rupturing current. Connection diagram, Fig. 7, shows the ratio 
adjuster provided with nine taps, which gives seventeen full-cycle, 
thirty-three half-cycle positions. The ratio adjuster is designed with 
contacts uniformly spaced on the circumference of the circle so as to 
permit motion through two revolutions. 

Two-Core Regulating Transformers. In many instances the volt¬ 
age of the circuit is greater than that for which the switching equip¬ 
ment is designed, and in others the current to be handled exceeds the 
safe limits of operation. In either case voltage control can be ob¬ 
tained, without the design of special switching equipment, by using 
two cores, Fig. 9, one consisting of an insulating series transformer, 
and the other an exciting transformer, the combination functioning, 
as far as the circuit is concerned, like an auto-transformer. The pri¬ 
mary of the exciting transformer is generally connected Y in order 
that the derived voltages may be in phase with circuit voltages. The 
secondary of the exciting transformer provided with the regulating 
taps is usually connected delta. The local circuit, consisting of the 
secondary of the exciting transformer with its taps and the primary of 
the series transformer being insulated from the main circuit, may be 
designed for the voltage and current best suited for the available 
switching equipment. As in this arrangement the size of the core 
and coils is twice that normally required in single-core design, it is 
used only when the voltage or current limitations of the switching 
equipment prevent the use of a single-core design, and when the 
control cannot be inserted in the grounded neutral of the transformer 
bank. 

Some saving in copper is possible by the modified arrangement, 
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generally known as the potentiometer method, Fig. 10. In this the 
ratio adjusters are made to move alternately and in opposite direc¬ 
tions, instead of alternately in'the same direction, so that, in either the 
maximum boost or the maximum buck positions, all the secondary 
copper of the exciting transformer is useful. In the operating position 



Fig. 9. —Exciting Transformer with 
Taps in Secondary, and Series Trans¬ 
former, thus Obtaining Complete Isola¬ 
tion for Tap Changing Equipment. 



Fig. 10. — Potentiometer 
Connection, with Complete 
Isolation for Tap Changing 
Equipment. 


with both contactors closed, the current flowing in the local circuit is 
half the value for the previous connection, Fig. 9. A further advan¬ 
tage of the potentiometer circuit is that it becomes possible to arrange 




Fig. 11. —Exciting Auto-transformer and Fig. 12. —Exciting Auto- 

Series Transformer, Using Potentiometer transformer, and Series 

Connection to Obtain Buck and Boost. Transformer. 


the circuit inherently with sufficient reactive kv-a. to limit the circu¬ 
lating current when ratio adjusters are in the off ratio position, and 
thus eliminate the necessity of providing a reactor. This is done by 
providing the necessary reactance between the two halves of the pri¬ 
mary windings of the series transformer. 
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In the potentiometer arrangement it is necessary to furnish greater 
insulation between the two contactors and between the two ratio 
adjusters, as in the extreme position the tap range voltage appears 
across the points. The advantage of the potentiometer scheme is 
further offset by the necessity of arranging the circuit so that the 
reactance does not vary materially when one side of the circuit is 
opened. 

Where the line current is beyond the rating of the switching equip¬ 
ment and the circuit voltage moderate, copper may be saved by mak¬ 
ing the exciting transformer an auto-transformer. This connection is 
shown in Figs. 11 and 12 for the two types of circuits just described. 

In some instances a suitable source of excitation can be derived 
from a circuit separate from that in which the control is to be placed. 
In Fig. 13 the primary winding of the power transformer had the 




Fig. 13.—Two-Core Regu- Fig. 14. — Two-Core 

lating Transformer with Ex- Regulating Transform- 

citation Derived from Sepa- er, Using Two Switch- 

rate Source. ing Units to Obtain 

Boost and Buck. 

suitable voltage value, and possesses the correct phase relation, mak¬ 
ing it possible to supply an auto-transformer winding for the exciting 
transformer of the regulating unit. 

Designs for Moderate Kv-a. and Current. In the smaller ratings 
where both the kv-a. and the current are moderate, the energy to be 
ruptured in switching from tap to tap becomes relatively so small that 
light and simple equipments are feasible. A variety of mechanical 
designs, together with special circuits, have been evolved with the 
purpose of providing simpler, smaller, and inherently less expensive 
designs. The following may be noted: 

1. Designing the ratio adjuster so that it is capable of rupturing 
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the current, thus eliminating the use of contactors and greatly simpli¬ 
fying the mechanical system. 

2. Designing the circuit so that the tapped winding is reversed in 
going from maximum to minimum range, thereby securing a substan¬ 
tial reduction in the rating of core and coils for a given output. 

3. The use of higher switching speed, by means of which the life 
of the arcing contacts is increased. 

4. The substitution of resistors in place of reactors, made possible 
by the use of high-speed switching. 

5. The use of single finger in combination with a resistor for switch¬ 
ing, instead of two fingers. 

Ratio Adjusters Designed to Rupture Current.* For the higher 
current ratings, contactors are generally used to rupture the current, 

consisting either of a group of contactors, 
as shown in Fig. 2, or two contactors in 
combination with the ratio adjusters, by 
which arrangement, a contactor being in 
series with each ratio adjuster, arcing on 
the ratio adjuster is avoided. When the 
rated current is quite moderate it becomes 
possible to rupture the current directly 
on the ratio adjusters, and thus obtain a 
major economy in the cost of the mechan¬ 
ical equipment, ■ as the result not only of 
the elimination of the contactor but also 
of the simplification in the mechanical 
details. This is the method used in many 
smaller designs using the circuits shown 
in Figs. 6, 7, 8, 14 and 15. 

High-Speed Switching. Although, in the smaller ratings, the arc¬ 
ing duty becomes so mild that contact fingers sliding on and off shelves 
are successfully used for current rupturing purposes, it is nevertheless 
necessary to keep in mind that mild arcing duty in the smaller equip¬ 
ments is partially offset by the likelihood of much greater frequency 
of operation. The larger units, many of them non-automatic, are 
manually controlled by push button at the station, and for that reason 
are required to operate relatively few times per day. The smaller 
units are usually equipped with full automatic control, and further¬ 
more are likely to be located on distribution circuits, where the voltage 

* A ratio adjuster may be defined as a multistep switch not designed ordinarily 
for rupturing duty, in contrast with a contactor which generally is a single-itep 
switch designed to rupture current. 



Neutral 


Fig. 15. — T w o-C ore 
Regulating Transformer, 
with Reversing Switch to 
Obtain Buck and Boost. 
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is more erratic. Many of them are located out on the lines at consid¬ 
erable distances from substations, and some of them on poles. Both 
these considerations make it desirable to reduce maintenance to a 
minimum. For the above reasons high-speed switching has been 
developed for the smaller equipments, by means of which the duration 
of the switching arc has been reduced to one or two cycles. One 
method is to employ a spring drive, the motor being used only to store 
energy in the spring. The release of the spring snaps the contact fin¬ 
gers over from one contact to the next. By virtue of the speed the 
duration of the arc is greatly reduced, the amount of burning on con¬ 
tacts becomes less and the life of contacts proportionately increased. 

Use of Resistors. In power transformers, a reactor (also called a 
preventive auto-transformer) is employed to permit tap-to-tap switch¬ 
ing without interrupting the load, and without causing a tap-to-tap 
short circuit during the switching interval. In the smaller sizes, a 
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Voltage and Current Relations 
for 80% p.f. Load. 

Resistor Designed for 
Circulating Current Equal 
to Full Load Current. 



Voltage Relations for Position b 






Current Relations for Position c 


16. — Connection Diagrams for Resistor Switching, a. Operating Position— 
Zero (hirrent Through Resistor, b. Main contact off shelf — Load current 
til rough resistor, c. Bridging position—Circulating current through resistor. 
d. Secondary contact off shelf. 
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resistor connected to one of the contacts, as shown in Fig. 6, may be 
used. In the operating position the load current is carried entirely on 
one contact instead of being equally divided between them. This is 
no disadvantage in the smaller size—the connections are somewhat 
simplified, and the losses of the reactor are avoided. By virtue of the 
spring operation, described in the previous paragraphs, the duration 
of switching is reduced to a very short interval, and there is no chance 
of the mechanism stopping in an intermediate position, resulting from 
a failure in the operation of the motor. One of the fingers must be 
connected directly to the circuit, as illustrated in the figure, so that, 
in the normal operating position, the resistor is short-circuited. The 
operating position, together with the various transient positions, are 
shown in Fig. 16. Voltage and current diagrams are shown for an 
assumed 80 per cent power factor load and a circulating current equal 
to the load current. Both the connection diagrams b and c and the 
vector diagrams indicate that the circulating current, due to tap volt¬ 
age being impressed across the resistor, subtracts from the load cur¬ 
rent and therefore the rupturing duty on contacts is: voltage e-RI^ 
and current 7-/c. These values are less the nearer the circulating and 
load current are equal and the nearer the load power factor approaches 
unity. For this reason, high-speed resistor switching results in com¬ 
paratively long life of contacts. However, this desirable relation 
exists only provided the connections to the load are made so that these 
currents subtract. By reversing either the connections of the con¬ 
tacts to line terminal, or reversing the flow of power through the trans¬ 
former, the load current flowing through the contacts reverses and 
therefore adds to the circulating current, and the voltage drop through 
the resistor adds to tap voltage. If this is done the arcing wear on 
the contacts will be greatly increased. When resistor switching is 
used, therefore, it is very desirable that the circuit be so arranged and 
connected to the load that tap voltage and the voltage drop through 
the resistance subtract. 

Single Finger Switching. When both the voltage to be ruptured 
by the switch and the kv-a. controlled are small, and especially when 
only a few voltage steps are required, a considerable simplification in 
the mechanical design is possible by using only one contact finger 
instead of two, as is the usual practice. This can be done by provid¬ 
ing a suitable permanent by-pass across the series winding, capable of 
carrying the full load current during the interval when the contact 
finger is between adjacent shelves. Connection diagram, Fig. 8, illus¬ 
trates this arrangement. As in all except the neutral position, tap 
voltage is impressed across the by-pass, it must be designed for con¬ 
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tinuous operation. Hence, even though high-speed switching is em¬ 
ployed, a short-time rating resistor may not be used. A reactor is 
feasible although it possesses the disadvantage of taking from the line 
an appreciable magnetizing kv-a. in all but the neutral position; and 
the rating must be large enough to carry normal current during 
switching. Both these objections are avoided by using a resistor hav¬ 
ing a resistance which is an inverse function of the applied voltage 
such as thyrite. 

Series Reactor Designed with Closed Magnetic Circuit.* The 

importance of designing a reactor with a relatively large magnetizing 
current—and with an air gap—so as to obtain essentially uniform 
inductance for all values of current can best be appreciated by dis¬ 
cussing the characteristics of a reactor having a closed magnetic circuit. 

Such a reactor can be readily designed so that the magnetizing 
current on the bridging position is kept small, say less than 10 per 
cent, and at the same time excessive reactance drop in the unsymmet- 
rical position may be avoided by designing with high magnetic densi¬ 
ties so that the load current saturates the iron. Thereby the reactor 
becomes appreciably smaller and inherently less expensive. 

By this means the effective value of the reactance drop can be 
maintained low, even for severe overloads, but when this is done 
excessive voltage peaks induced in the reactor are introduced into the 
circuit, owing to the distortion effects of magnetic saturation. 
This phenomenon is due to the fact that the ohmic value of the induc- 
lance of a closed magnetic circuit varies between very wide limits, 
depending upon the instantaneous values of the flux density in the 
iron. When the current and therefore the flux are passing through 
zero, the iron is unsaturated and the inductance of the reactor may 
he several thousand times as much as when the densities approach or 
exceed 100 kilolines per square inch. 

The simplest case to consider is a pure inductive load. In the 
iinsymmetrical position of operation, Fig. 3, p. 325, the inductance L 
of the load is in series with the variable inductance of series reactor ; 
and therefore the current being common to both inductances the divi¬ 
sion of circuit voltage between the reactor and the load at any instant 
is directly proportional to the ratio of inductances. The voltage drop 
across the reactor is 


£r _ 

L + U 


( 6 ) 


* r'or a general description of the effect of saturation on voltage distortion see 
" riieory and Calculation of Electric Circuits,” C. P. Steinmetz, p. 146. 
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where Ct = voltage across one-half of reactor instantaneous value. 
E = circuit voltage instantaneous value. 

L = combined inductance of load and transformer. 

= inductance of reactor, instantaneous values. 

The above formula for the instantaneous values of voltage absorbed 
by the reactor is applicable to reactors having variable instantaneous 
value of inductance and also for reactors in which the inductance is 



constant. In other words, the formula applies to both classes of 
reactors—those in which ample air gaps are provided and also those 
in which the magnetic circuit is entirely made up of iron. It can 
therefore be used to compare the two types of reactors from the point 
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of view of the voltage distortion introduced by magnetic saturation of 
the iron. The formula, however, is strictly limited to pure inductive 
loads. 

From the formula it is evident that the value of peak voltage is 
independent of the shape of the current wave. Saturation of the 
reactor iron results in a distortion of the current wave as it approaches 
and passes through zero, but this distortion has no influence on the 
magnitude of the voltage peaks. The amount of voltage distortion 
therefore is entirely determined by the variability in the magnetic 
circuit, that is, by the magnetization curve of the reactor. Conse¬ 
quently it is very much affected, first, by the value of the maximum 
flux density within the iron, and second, by the amount of air gap, if 
any, provided in the reactor. 

Voltage distortion curves for various conditions are plotted in 
Fig. 17. Curves 1,3, and 5 are for reactors having a closed magnetic 
circuit, whereas in curves 2 and 4 the reactor is provided with a 1 per 
cent air gap. The great difference between the values of voltage peaks 
for reactors with and without a gap is illustrated by these curves. 
Comparing the three curves corresponding to zero air gap with each 
other, curve 1 corresponds to a maximum density within the iron of 75 
kilolines per square inch, whereas curves 3 and 5 correspond to a 
maximum density within the iron of 100 kilolines per square inch, 
showing that increasing the maximum density to saturation values 
and beyond very greatly increases the voltage peak across the reactor. 
Curves 3 and 5 are identical except for the fact that the latter corre¬ 
sponds to a load current equal to the normal magnetizing current in 
the reactor, whereas curve 3 is a condition in which the load current 
is approximately three times normal magnetizing current. 
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CHAPTER XII 

AUTOMATIC OPERATION OF VOLTAGE-CONTROL 
EQUIPMENTS * 

By L. F. Blume 

In the application of tap changing devices to the smaller ratings, 
especially when the apparatus is installed out on the line where station 
attendants are not available aiTd where frequency of operation is likely 
to be relatively large, completely automatic equipment is essential. 
The principle of automatic control, as well as the auxiliary devices 
employed, are, in general, the same as for the induction regulator, 
although several important differences exist owing to the inherent 
differences in the nature of the two types. The induction regulator is 
practically instantaneous in its operation and is not limited in the 
number of operating positions. On the other hand, a tap changing 
device is designed for a specified number of operating positions; it is 
not designed to operate on intermediate positions, and, therefore, the 
controls must function so that, when a tap change is initiated, opera¬ 
tion continues until the cycle of one operation is complete. It is 
essential, therefore, that no tap change be made unless the voltage 
change on the system is sufficient to justify it, and for this reason it is 
desirable that operation is not initiated for a momentary change in 
voltage. To avoid such useless operations, time delay in the controls 
is necessary. The introduction of an appropriate amount of time 
delay reduces the wear and tear on the mechanism and prolongs the 
life of the contacts and the oil in which the arcing takes place. 

In general, load ratio control equipments and step-voltage regula¬ 
tors, like all automatic regulating devices, accomplish their general 
purpose of maintaining a desired value of a condition at some given 
location by making use of a control loop, made up of three essential 
links. The first link is designed to be receptive to the condition at the 
given location, and it functions to transmit at all times to the second 
link an accurate measure of this condition. The second link is designed 
to be critically sensitive to small departures from the value of the 

* The author wishes to acknowledge the assistance of S. Minneci in the prepara¬ 
tion of this chapter. 
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condition to be maintained, and it responds by initiating an adjustment^ 
when the impressed measure of the condition departs from the desired 
value. After the adjustment is initiated, the third link, by means of 
which the loop is completed, effects the appropriate changes essential 
to restoring the condition to the desired value. 

Specifically, the receptive link or circuit for load ratio control or 
step-voltage regulators includes a potential transformer or a tertiary 
winding, and when used a line drop compensator, by means of which 
an accurate measure of the voltage existing at the given location on 
the line is derived. This measure is transmitted to the adjusting 
device, which is the master element of control, designed to be respon¬ 
sive to small departures above and below the critical voltage to be 
maintained. In the form of the widely used “ contact-making volt¬ 
meter,” it is a voltage-responsive relay, consisting of a solenoid con¬ 
taining a carefully balanced moving element by which contacts are 
closed when the voltage impressed on the solenoid strays too far from 
the desired value. The third link, which apparently may be called 
the effector mechanism, consists, for load ratio control and step-voltage 
regulators, of the motor, which its gear train, the multistep switch, 
and the core and coils through which the necessary changes in voltage 
ratio are effected. 

The Receptive Circuit—Line Drop Compensation. If voltage is 
to be held constant at the terminals of the control equipment, a poten¬ 
tial transformer is connected at this point, and the secondary terminals 
connected to the voltage adjustor. It is then merely necessary to 
have the turn ratio of the potential transformer correspond to the 
ratio of circuit voltage to the usual voltage for which the voltage 
adjustor has been designed. In tap changing equipments the equiv¬ 
alent of the potential transformer is sometimes used in the form of a 
tertiary winding placed on the core. When this is done the core must 
be directly excited across the circuit, the voltage of which is to be 
maintained constant. 

As, in many cases, the voltage to be held constant is located at a 
point in the circuit a considerable distance away from the regulating 
transformer, it is then not adequate to maintain the voltage at the 
regulating transformer constant. For the purpose of maintaining con¬ 
stant voltage at the desired distant point, it is necessary to allow the 
circuit voltage impressed on the potential transformer to deviate from 
the constant value an amount exactly equal to the voltage drop of 
that portion of the circuit between the potential transformer and the 
point out on the line at which voltage is to be maintained constant. 
The line drop compensator provides a means for deriving the voltage 
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corresponding exactly to this line drop and of inserting this voltage in 
series with the secondary voltage of the potential transformer. The 
voltage is obtained by making use of the secondary current of a cur¬ 
rent transformer connected in series with the line (Fig. 1), and passing 



Fig. 1. —Connections Illustrating Line Drop Compensation. 


this current through a resistor and a reactor in series, the values of 
which have been so adjusted that the impedance voltage appearing 
across their terminals is proportional to and in phase with the line im¬ 
pedance drop between the potential transformer 
and the point at which voltage is to be held con¬ 
stant. Both the resistor and the reactor element 
in standard apparatus are made adjustable over a 
wide range so that by the simple turning of dials 
the compensation can be adjusted for any circuit 
condition. 

Referring to the connection diagram, Fig. 1, 
and the corresponding voltage diagram, Fig. la, it 
is evident that the voltage so impressed across the 
contact-making voltmeter will, under all conditions 
of load and source voltage, be exactly proportional 
to load voltage CO provided that the reactance 
and resistance components of the compensator 
have been adjusted to have the same ratios as line 
reactance to line resistance, and their specific values 
selected to suit the transformation ratios of both 
current and potential transformers. 

In applying line drop compensation to three-phase regulators, it 
is essential that the proper phase relation be maintained between the 
current in the line drop compensator and the potential transformer. 
When the potential transformer is connected between lines of a three- 
phase circuit, the usual 30° phase displacement between three-phase 



Fig. la .—Voltage 
Diagram Illustrat¬ 
ing Principle Under¬ 
lying Line Drop 
Compensator. 
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currents and voltages may be neutralized by inserting a current trans¬ 
former in both lines across which potential transformers are connected. 
This arrangement is shown in Fig. lb. 

The Adjusting Device. A voltage-responsive device is required as 
the master element to initiate automatically the necessary adjustment 
in the effector mechanism to maintain the desired regulation. Of the 
various types of voltage-responsive devices available, the most familiar 
is the contact-making voltmeter, as this has been used for many years 
for the control of induction voltage regulators. The contact-making 
voltmeter is essentially an a-c. relay, consisting of a solenoid upon 
which the voltage to be controlled is impressed, which is provided 
with an armature mechanically so disposed as to operate a pair of 
contacts. When the impressed voltage exceeds the normal value one 
contact is closed, and when the impressed voltage is less than normal 



Fig. lb .—Connections for Line Drop Compensation with Two Current Transformers 
for Three-phase Application. 

the other contact is closed. In order to insure firm contact pressure 
and to prevent fluttering contacts, auxiliary holding coils are provided 
which function to exert pressure on the contacts additional to that 
produced by the solenoid. The solenoid alone is inherently incapable 
of doing this, as it is always in mechanical equilibrium. 

Great care must be used in the design of the voltmeter, to reduce 
to a negligible amount errors due to changes in temperature. In order 
to facilitate the application to a variety of circuit conditions, the device, 
by means of an external variable resistance, has been designed capable 
of operation for a range of impressed voltage from 100 to 135 volts. 
The voltmeter is excited from the terminals of the receptive circuit, 
this having been designed to apply to it the appropriate voltage. 

Time Delay. To prevent the tap changing equipment from oper¬ 
ating uiinecessarii^ every time a momentary voltage fluctuation occurs 
an appropriate amount of time delay is needed. This, in some cases, 
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is accomplished inherently in the design of the mechanical equipment, 
and in others by means of an^auxiliary time delay relay. By inserting 
the time delay relay in the circuit between the contact-making volt¬ 
meter and the operating motor, it functions to prevent the motor 
which operates the tap changing equipment from starting immediately 
after contacts on the contact-making voltmeter are closed. One form 
of time delay relay is a telechron motor-driven device with contacts 
arranged so as to close after a predetermined time. This time interval 
is adjustable in the apparatus over a considerable range. Its setting 
can be determined by the operator, and, by increasing the time setting, 
the number of operations made by the tap changing equipment is 
reduced, but the voltage regulation on account of this delay may be 
somewhat poorer. 

Motor Mechanisms. Since tap changing devices are designed for 
a definite number of operating positions, the effector mechanism must 
function so that, after an adjustment is initiated, operation continues 
independently of the condition of the circuit until'the cycle of one 
operation is complete. The driving motor mechanism must be revers¬ 
ible and capable of stopping the tap changing switch accurately on 
each operating position. Means must be provided to prevent opera¬ 
tion beyond either limit position. 

The methods of meeting these requirements differ, depending on 
the particular application and the type of driving mechanisms. There 
are two general types of motor mechanis’ms. One is a direct drive in 
which the motor is positively geared to the tap changer. The other is 
a spring drive in which the power to the tap changer is delivered 
through a spring. The former has no inherent time delay. Auxiliary 
contacts on the mechanism are provided to hold the control circuit 
closed until the tap changing cycle is completed, after which the motor 
must be stopped quickly and accurately, otherwise a second tap change 
will be initiated. The spring drive has inherent time delay due to the 
winding of the spring. No auxiliary switch for a holding circuit is 
required because a complete tap change is accomplished by the dis¬ 
charge of the spring and it is not necessary to stop the motor quickly, 
as any overrunning, after the spring is released, will only tend to wind 
the spring again. By means of the spring, considerably higher speed 
of the arcing contacts is obtainable, with a consequent increase in 
rupturing ability. Furthermore, the size of the operating motor can 
be greatly reduced, as it becomes possible to increase the gear ratio. 

In both types of mechanisms, mechanically operated limit switches 
open the control circuit to prevent motor operation beyond the limit¬ 
ing positions. Means are provided for emergency hand-crank opera¬ 
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tion, and mechanical limit stops are therefore necessary. The larger 
units, where the motor current is too high to be handled directly on 
the contacts of the voltage-responsive device or manual control switch, 
have motor-reversing relays. To indicate the tap position on which 
the transformer is operating, a visual position indicator is provided at 
the mechanism. On large station-type units where the control devices 
are not generally mounted on the transformer, but on remote station 
switchboards, remote position indication is usually desirable. The in¬ 
dicator may be of the lamp type or of the self-synchronizing motor- 
generator type. Many mechanisms are provided with operation 
counters to indicate the number of tap changes that are made. To 
prevent the motor from going against the mechanical end stop, if for 
any reason it coasts beyond the limit positions, a mechanical clutch, 
which disengages the motor, is provided on the larger equipments. 
The clutch can also be disengaged to permit easier hand-crank opera¬ 
tion. Electrical interlock contacts are sometimes provided to prevent 
motor operation while the hand crank is in position. In smaller equip- 
iiients the positive stop is usually strong enough to stall the motor if 
the limit switch fails to properly function. 

Dynamic Braking. Dynamic brake action is being very success¬ 
fully used for stopping direct drive motors. This is accomplished by 
removing the applied voltage to the rotor and allowing the short- 
circuited rotor to come to rest in a stationary magnetic field. If a 
d-c. shunt motor is used, dynamic braking is conveniently obtained by 
short-circuiting the rotor, after its applied voltage is removed, while 
the magnetic field is maintained at full strength. An auxiliary relay 
having its coil connected to the rotor terminals receives sufficient 
excitation from the rotor’s generated counter e.m.f, to keep its contacts 
ill the field circuit closed until the rotor stops, after which the contacts 
open and the field excitation is removed. 

Ill an a-c. motor, dynamic braking may be obtained by passing 
direct current, derived by means of a rectifier, through the stator 
windings immediately after the a-c. excitation is removed. By the 
substitution of direct current in place of alternating current in the 
stator windings, a stationary magnetic field replaces the rotating field, 
and the revolving rotor, usually of the squirrel-cage type, in cutting 
this fixed field, is quickly brought to rest. After the motor stops, the 
excitation in the rectifier is removed by means of an auxiliary time 
delay relay. 

Motor Controls for Spring-Operated Tap Changer. The control 
for driving mechanisms, in which a time delay is inherently obtained by 
the winding of a spring, is relatively simple. As shown in Fig. 2, it 
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will be noted that the motor can be operated in either direction through 
a selector switch by means^of a manual control switch, or automatically 
by a contact-making voltmeter. Auxiliary relays R and L are used 
to relieve the voltmeter contacts from the duty of making and breaxing 
the motor current. Limit switches prevent electrical operation beyond 
the last positions. With this arrangement, whenever a correction in 
voltage is desired, the motor will run to wind the spring as long as the 
Rot L relays are energized. At the proper time the spring is released 
and the power stroke is delivered to make the tap change. 

Motor Controls for Geared Switch—A-C. Motor. Fig. 3 shows a 
circuit arrangement for controlling an a-c. direct drive. As in the 



°j- Contacts NormaNy Open 

— Contacts Normally Closed 

Fig. 2.—Motor Control Diagram for Spring Operated Tap Changing Switch. 

» 

spring mechanism the motor can be operated in either direction 
through a selector switch by means of a manual control switch or a 
contact-making voltmeter and motor-reversing relays. A time delay 
relay D is energized by either the R 2 or L 2 relay contacts, and when 
the delay relay contact closes the motor starts to run. The controller 
on the mechanism provides a holding circuit for the R ot L relays 
through either the ifi or Li relay contacts. The i?s and Ls contacts 
are provided for electrically interlocking the reversing relays. After 
the tap change is completed the circuit to the reversing relay coils is 
broken at the controller, and the motor is stopped by dynamic^brako 
action. The circuit for obtaining the dynamic brake action is also 
shown in Fig. 3. It will be noted that an auxiliary relay B is energized 
at the same time that the delay relay D is energized. Contact Bt and 
B 2 open to separate the motor from the rectifier while the motor is 
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running. At the same time contacts Bs and B 4 , close the circuitB to 
the rectifier and the d-c. delay relay X. The X contact closes in par¬ 
allel with the Bs contact. When it is desired to stop the motor the 
alternating current is removed from the motor by contacts 3 and 4 
on the Rot L relays and direct current is applied through the Bi and 
B 2 contacts. A short time after the ^4 contact opens the circuit to 
the X relay coil, the X contact opens with delayed action and discon¬ 
nects the rectifier from the line. 

Motor Control for Geared Switch—D-C. Motor. The control for 
a d-c. operating mechanism is essentially the same as for an a-c. 


Controller Geared to Motor - to Make One Revolution per Tap Change 



D — Delay Relay ° |- Contacts Normally Open X — Delay Relay for Dynamic Braking 

I — Contacts Normally Closed 
°|-t— Contacts Close with Delay 
o|—— Contacts Open with Delay 

Fig. 3. —Motor Control Diagram for A.C. Motor Directly Geared to Tap Changing 

Switch. 


mechanism, the only difference being in the method of applying the 
dynamic brake. Referring to Fig. 4 it will be noted that a short cir¬ 
cuit to the rotor is completed through contacts R 4 and L 4 after con¬ 
tact Rs or Ls removes the applied e.m.f. The contact on the X relay 
’in the field circuit in parallel with contacts Rq or Lq maintains the field 
excitation as long as the armature rotates. 

The control voltage for the motor mechanisms may be 110 or 220 
volts, single- or three-phase. Although 60 cycles is standard, equip¬ 
ments may be furnished for 25 or 50 cycles. The apparatus is also 
suitable for 125 or 250 volts d-c. 
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Number of Voltage Steps.—The total voltage range, number of 
steps, and the width of each step depend primarily upon the service 
for which the equipment is fntended. For application to power trans¬ 
formers, the usual practice is to provide eight steps, giving nine operat¬ 
ing positions. Each voltage step is generally either or 2^ per cent 
of circuit voltage, depending upon whether the tap range is to be 10 
or 20 per cent. For the voltage control of radial feeders, which are 
generally located closer to a lighting load than in power transformers, 
finer voltage steps are sometimes required, and then sixteen per 
cent steps are usually provided, and in some instances as many as 
thirty-two f per cent steps. It is doubtful, however, in the last case 





^ Limit ^ 
Switches 


Motor 

3 Armature 3 

T2r' 



'lL 


Motor 
. ftefd 


Motor 

Controi 

¥o/ta§« 


R & L — Motor Reuersing Relays X — Auxiliary Relay for Dynamic Brahe D — Time Delay Relay 


o|- Contacts Normally Open 

^ — Contacts Normally Closed 
ob— Contacts Close with Delay 


Fig. 4.—Motor Control Diagram for D.C. Motor Directly Geared to Tap Changing 

Swi^bh. 


whether the resulting voltage regulation is improved, owing to the 
limitations introduced by the contact-making voltmeter and the time 
delay relay. On the other hand, there are many feeders in which 
voltage control is highly desirable, but, on account of the relatively 
small revenue obtainable from them, economy in the first cost of the 
equipment is essential. Under these conditions the simpler and inher¬ 
ently less expensive equipments are in demand. This consideration 
has resulted in a development of apparatus to give one step, two steps,* 
and four steps. 

For all types of automatically controlled equipment, the band 
width setting of the contact-making voltmeter must be somewhat 
greater than the voltage of one step in order to prevent unnecessary 
operations or hunting. A voltage variation sufficient to operate the 
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voltmeter, but having a duration less than the time delay relay set¬ 
ting, will not start a tap change. However, in order to prevent chat¬ 
tering of the contacts of the contact-making voltmeter, holding coils 
are provided, which, in effect, narrow the effective band width. There¬ 
fore, to prevent an unnecessary number of tap changes, and also to 
prevent too frequent operation of voltmeter and time delay relays, the 
margin between tap voltage and band width should not be made less 
than 1 per cent of circuit voltage. 

Fig. 5 shows the sequence of events occurring on a system where 


Time for Mech, to 
Complete Tap Change 


Voltage Bespomwe 
Deufcs Closes Contaot 



Adjustable 
Time Delay 
Relay 
Ef 


Voltage Rsspansiue 
Deuice Closes Contact 

Voltage Reaponsiue 
Device Opens Contact 

- Less than Time 

Setting of Delay Relay 
% Holding Effect 


Band Width 

Nolding Effaot 


Fig, 5. —Sequence of Voltage Events Under Automatic Control. 


iCo — Normal impressed voltage. 

Hi — Voltage at which voltage responsive device contacts close to reduce impressed 
voltage. 

Hi — Voltage at which voltage responsive device contacts close to increase impressed 
voltage. 

Hi -Reduced value of impressed voltage at which voltage responsive device 
contacts open. 

Hi Increased value of impressed voltage at which voltage responsive device 
contacts open. 

Hu -Actual impressed voltage. 

— Holding effect. 

Hi Hi —Holding effect. 


dll' voltage is regulated by means of an automatically controlled tap 
rhiinging transformer with 2 ^ per cent taps and where the difference 
In* I ween the tap voltage and band width is 1 per cent. It will be 
iiolinl that the time delay relay prevents a tap change being made 
(luring a momentary voltage rise at a and that, once the impressed 
voltage falls below the dotted line, E 3 , the contacts of the voltage- 
i c'Hponsive device open and the time delay relay resets. 




















































CHAPTER XIII 


APPLICATIONS FOR VOLTAGE-CONTROL EQUIPMENTS 

By L. F. Blume 

The control of transformer ratio under load is a desirable means 
of regulating the voltage of high-voltage feeders and of primary net¬ 
works. It may be used for the control of the bus voltage in large dis¬ 
tributing substations. It finds a wide field of application in controlling 
the ratio on step-up transformers operating from power stations whose 
bus voltage must be varied to suit local distribution. 

In industrial work, it is used for the control of current in a variety 
of furnace operations and electrolytic processes. It also furnishes a 
convenient means for voltage regulation of concentrated industrial 
loads. 

Many load ratio control equipments are installed at points of 
interconnection between systems or between power stations, in order 
to control the interchange of reactive current or, in other words, to 
control the power factor in the tie line. 

This reactive current may be highly undesirable, especially as it 
may add to the burden on a fully loaded generating system. It can 
be increased, eliminated, or reversed^by inserting a suitable small ratio 
of transformation between the systems. It can be varied in amount 
and in direction of flow to suit varying system conditions if this ratio 
ia variable and under the control of a station operator. 

Inserting such a ratio of transformation in a tie line by means of a 
load ratio control equipment is equivalent in its effect on the flow of 
reactive current to raising or lowering the voltage on one of the sys¬ 
tems. Current can be exchanged at any power factor from zero lag 
to zero lead without interfering with the voltage maintained on either 
system. 

Voltage and Power-Factor Control in Interconnected Systems. 

The interconnecting of central stations serves the general purpose of 
increasing the reliability of service, and also improves the load factor 
of the system. Both these objects mean that it should be possible for 
a given load at one point to be supplied from a number of distant sta¬ 
tions in the interconnected system. Theoretical analysis of the con- 
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ditions involved, however, shows that serious limitations are imposed 
on the operation of these interconnections by the necessity of keeping 
the voltages at various points of the network constant, or approxi¬ 
mately constant, for all conditions of load demand. This limitation, 
in many cases, may very seriously restrict the amount of kv-a. which 
can be delivered from a distance to a given point and, in addition, may 
])revent obtaining an economical division of energy and current 
between the various stations. 

The simplest qualitative statement of the problem is to say that 
I he presence of impedance of the interconnecting line between stations 
means that it is impossible to adjust the power factor of the current 
ill the line for its most economical value without obtaining serious 
voltage regulation in the line. For example, consider two central 
Hliitions A and B, Fig. 1, each furnishing a load from its local low- 
voltage bus, and connected by means of a high-voltage line and two 

Tritnimlssion i/nc 


i<fpd 

1.—Single-line Diagram of Two Central Stations Interconnected by a High- 
voltage Line and Transformers. 

1 1 ;iiisformers. The interconnecting line between the two stations can 
In' i)[)erated in either of the following ways: 

(1) The phase angle of the current in the line may be adjusted for 
(he most desirable power factor for line current at all loads, holding 
(Im‘ voltage constant at one point only, and allowing voltages at all 
olher points to vary. 

(2) The power factor of the current in the line may be disregarded, 
r\(‘(‘pt perhaps for one particular load, and bus voltages maintained 
((Misliiiit by means of the generator fields. 

(3) The phase angle of the current in the line may be adjusted for 
I Ik* most: economical power factor at all loads, and the resulting regu- 
l.illnii of line and transformer neutralized by means of ratio control. 

'The general purpose of the transmission line is to permit load from 
niitlion yl to be delivered to bus B, and vice versa; and the ideal condi- 
linii is (hnt the combined kv-a. of the two stations A and B may 
be delivered to either bus without affecting the voltage of either. 
Allliniigh Ihe transmission line impedance prevents this, it is possible 
lo iissiinK^ that voltage is maintained constant at all loads on both 
liimeH by generator field current control only and, with this assump- 
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Fig. 2. —Voltage Relations Determining Cur¬ 
rent Distribution in Elementary Inter¬ 
connected System. 


tion in mind, to find the operating limitations introduced by trans¬ 
mission line impedance. 

It is convenient for the purpose of the problem to consider that the 
impedance drop (/Z) through the transmission line between buses A 
and B is mathematically resolved into two components, one compo¬ 
nent of the impedance drop at right angles to the transmission line 

voltage, the other compo¬ 
nent of the impedance drop 
in phase with the transmis¬ 
sion line voltage. Each of 
these drops can be analyzed 
separately and independ¬ 
ently of the other. The 
essential difference between 
these two components is 
that the impedance drop 
perpendicular to line voltage 
may vary through a wide range without affecting the premises of the 
problem, i.e., constant potential on both buses, whereas the in-phase 
impedance drop cannot vary, at all without introducing variable volt¬ 
age on one of the buses. Any value whatsoever may be assigned to 
the in-phase drop, but it cannot vary. 

Taking first the perpendicular impedance flow, our problem is to 
determine the current which can 
flow in the system and result 
only in perpendicular drops in 
the line. The conditions which 
govern this current flow are 
shown in the voltage diagram 
(Fig. 2), in which OA is the 
receiver bus voltage, OB the 
sending bus voltage, and AB 
the impedance drop in the line. 

The triangle OAB is isosceles 
with impedance drop as the 

base of the triangle. The diagram to scale represents about 38 per 
cent impedance drop. A smaller value of impedance would make 
the drop AB relatively smaller, but the general conclusions derived 
from this triangle would not be affected. The important point to 
note from this voltage diagram is the resistance component (TR) 
of the impedance drop which determines the phase angle of the 
current in the transmission line with respect to the receiver bus 



Fig. 3. —Current Distribution as Deter¬ 
mined by the Voltage Relations shown in 
Fig, 2 in Elementary Interconnected 
System. 
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voltage OA, This current obviously leads the bus voltage by an 
appreciable angle 6 . This angle will be somewhat smaller for lighter 
loads and also smaller as the ratio of reactance to resistance of the 
transmission line becomes less. It always leads the receiver voltage, 
however. 

The corresponding current relations are shown in Fig. 3 in which 
the horizontal line is the receiver bus voltage and OB is the current in 
the transmission line, leading the receiver voltage by the angle 0 , as 
determined by the voltage diagram in’Fig. 2. The total load current 
on bus ^ is 0^ : BA is the current in the generator near the load, and 
therefore OC, the arithmetical difference between OA and AB^ is the 
contribution of the far generator and the transmission line to the load, 
although actually it is loaded an amount equal to OB, For example, 
assuming that two central stations each have a rating of 50,000 kv-a., 
and assuming a load of 85 per cent power factor and about 33 per cent 
impedance drop in the line, it becomes possible to deliver a maximum 
load of about 60,000 kv-a. on either bus; but the transmission line and 
far generator are only 20 per cent effective as far as the delivery of 
kv-a. is concerned. The generator currents in the diagram are made 
(‘(|ual to each other, although, in general, this is not necessary. The 
currents can be varied in any way whatever, provided that the angle 9 
is maintained, as determined by the voltage diagram. 

It is not to be inferred that this is actually a practical operating 
condition. However, this situation would be encountered if it were 
at tempted to operate the system under the following combination of 
('oiiditions: (a) constant voltage on the two buses at all loads; (b) volt- 
ii|.»e control by generator field alone; and (c) power to flow equally in 
either direction. 

Conditions can be improved without changing the premises (a) and 
(b) of the problem by allowing to flow, in addition to the currents 
hIiowii, a constant current that produces an impedance drop in phase 
with the line voltage. As long as this current remains invariable, it 
produces only a line drop and no variation in bus voltages. Since 
this current is constant, it must be a circulating current between the 
two generators, and therefore wattless. By suitably choosing the 
viiliie of this current, the full-load conditions of current division may 
he considerably improved by bringing currents OB and AB more 
iMMiIy into phase with each other; and thus the effectiveness of the 
dint nut generator is increased. The diagram in Fig. 4 illustrates this 
IDudition. Here the current triangle OAB is the same as before; but 
upon it has been imposed the constant wattless current BX which, by 
ciiciilating between the two generators, gives a resultant current tri- 
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angle OX A. The point X may be chosen anywhere within the tri¬ 
angle on the vertical through B; although once chosen it is a fixed 
point as far as operation is concerned. It should be remembered that 
the only currents actually flowing in the system are given by the 
triangle OX A. What has actually been done is to resolve the real 
current triangle OX A which flows at full load into two mathematical 
components, one component consisting of the current triangle OBA^ 
which varies with the load and produces in the transmission line per¬ 
pendicular impedance drops only; and the other component, a watt¬ 
less current (BX) which is unvarying and which produces a constant 
voltage drop in the line. 

Now as the variable current forming triangle OB A decreases with 
decreasing loads, the current BX becomes increasingly prominent, and 
at no load, at which time OB A disappears, BX is the only current 
left. So BX is the no-load current in the transmission line. Note 

B 



Fig. 4.—Current Diagram for Constant Line Drop. 

ft 

that, in order to simplify the problem, such residual currents as trans¬ 
former magnetizing currents or capacitance currents have been neg¬ 
lected. However, the introduction of these currents, except for very 
long lines, does not affect the general conclusion, as these currents can 
be considered as invariable currents which are flowing in addition to 
the currents under consideration. The current BX multiplied by the 
line reactance gives the line drop, which is constant for all loads be¬ 
tween the two buses A and B. 

Although it is evident that the full-load operating conditions are 
very much improved by the addition of current BX, nevertheless, in 
adding this current, several things are sacrificed: First, the arrange¬ 
ment improves the situation for power flowing in one direction only, 
and in fact makes conditions impossible for reverse-power flow. Sec¬ 
ond, at light loads, this wattless circulating current becomes promi¬ 
nent; this adds greatly to the light-load losses in both generator and 
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transmission line, and, therefore, except where the load factor is very 
high, these extra light-load losses cannot be neglected. Third, the 
line drop which is determined by the line BX reduces the kv-a. deliv¬ 
ered over the line to the load, and thereby partially neutralizes the 
good effects produced by bringing the two generator currents closer 
together in phase. 

There seems to be no other way than the one just described in 
which the system can be operated with constant potential at both 
buses when the voltage is controlled by generator field currents alone. 
The best that can be done is to choose the line BX (Figs. 4 and 5) for 
Ihe most desirable operating conditions, having a given load factor in 
mind; and it is evident that BX, selected for an average daily load 
condition, means inefficient or undesirable operating conditions at 
both maximum load and at light-load periods. It also means giving up 
reverse-power flow. 

This inflexibility is overcome by allowing the current BX unre¬ 
stricted variation, so as to obtain the most effective current division 
at any time or condition of load and for any normal or abnormal gen- 
(‘rating condition, and to overcome the resulting variable line drop 
by varying the transformer ratio by means of ratio control equipments. 
The line BX now becomes a measure of the voltage control necessary, 
for by multiplying the current BX by the line reactance there is ob¬ 
tained the variable voltage to be neutralized. 

Relative Value of Load Ratio Control Equipment and Synchronous 
Condensers with Interconnected Systems. Referring once more to 
the current diagram shown in Fig. 4, it will be seen that the throttle 
s(Tting or the energy delivered by the prime movers to the generators 
determines the location of point B and 
the vertical line BX in the horizontal 
direction. Thus opening the throttle at 
(he generator near the load moves point 
a Lo the left, and, conversely, closing the 
liiioltle shifts B to the right. At the 
extreme position, i.e., when the generator 
lU'ar the load is not furnishing any energy, 
point B is at the extreme right, as shown 
in the diagram in Fig. 5, which repre¬ 
sents a synchronous condenser floating 
on the end of the line near the load. 

The function of a synchronous condenser, by adding current AX 
lo the line, is to improve the power factor of the circuit; and at the 
Si I me time this improves the line regulation. The rating of the con- 



Fig. 5. —Circuit Diagram for 
Synchronous Condenser. 
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denser is given by AJCy and the no-load lagging current furnished by .■ 
the condenser, which the line must carry to maintain constant voltage, 
is given by BX. The point k can be chosen so as to obtain the best • 
average condition of operation, but, just as with the two generators, j 
X being chosen, it becomes fixed. Therefore, the same inflexibility of 
operation exists using the synchronous condenser to hold voltage con¬ 
stant as with two generating stations connected together, in that the ^ 
point X cannot be adjusted for the best condition for every load with- j 
out introducing regulation; and also the light-load losses are increased. 

It is clear from this diagram that the functions of a synchronous con- | 
denser and ratio control are quite distinct. The primary function of , 
the condenser is to improve the power factor on the line at the heavier j 
loads and, by so doing, increase the kv-a. output that can be delivered, j 
or decrease the energy losses in the line. Transformer ratio control, \ 
on the other hand, can only neutralize the regulation drop in the line. | 
The combination of the two gives the maximum amount of flexibility, j 
since it permits the condenser to adjust the line power factor for best j 
conditions for all loads, whereas, when the condenser alone is used, it J 
is possible to adjust the line power factor for only the average load. J 

The relative value of the- condenser and ratio control equipments 1 
depends largely upon the following conditions; first, whether the trans- I 
mission line copper losses are relatively high as in relatively long lines; I 
second, whether the power factor of the load is relatively low; and 1 
third, whether the load factor is relatively high. In such cases the 1 
synchronous condenser is of greater value than ratio control; but, con- 3 
versely, ratio control equipments are found to be of greater value, ■ 
first, when the line losses are inherently low, as in shorter lines; sec- 
ondly, when the power factor of the load is relatively high; and thirdly, | 
when the load factor is relatively low. At the one extreme, it becomes 1 
preferable to use the synchronous condenser exclusively, and, at the 1 
other, ratio control exclusively. For intermediate conditions, it would jj 
appear that a combination of the two is desirable. 3 

From all the considerations as herein set forth, the following gen- ■ 
eral conclusions may be drawn: 1 

(1) That the proper function of synchronous apparatus on the I 

interconnected systems is to control the division of current and their ■ 
phase angles. This cannot be so effectively done if they are also 9 
called upon to maintain constant voltage. ■ 

(2) That ratio control apparatus is ideally suited for maintaining I 

constant voltage; and by relieving the synchronous apparatus of this I 
duty, the flexibility, efficiency, and overall apparatus economy of sys- 3 
terns are very greatly increased. g 
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CHAPTER XIV 
PHASE-ANGLE CONTROL 

By L. F. Blume 

Relation of Number of Voltage-Control Units and Number of 
Places in Systems at Which Voltage Is Maintained. Voltage control 
equipments have become indispensable to interconnected systems, 
for by their use it is possible to maintain constant potential at the 
station buses and at the same time to reduce to a minimum the amount 
of wattless kv-a. flowing in the line and circulating between stations, 
for all conditions of load demand and of load division between stations. 
Without their use, constant potential can be maintained on the various 
station buses only at the expense of appreciable additional wattless 
kv-a., which, by flowing in the line and circulating between stations, 
increases the system losses and decreases very appreciably the total 
kv-a. which a given interconnected system is capable of delivering. 
Moreover, flexibility in operation is restricted—for example, reverse- 
power flow between stations, in many ca^es, is practically impossible, 
without first, for every reversal, taking transformers out of service 
and adjusting taps. 

Where a system consists of a number of interconnected stations, 
each having constant potential maintained on the buses by means of 
generator field control, a certain number of voltage-control equip¬ 
ments are required in order to avoid unnecessary wattless current 
circulating between stations under all conditions of load, in other words 
to maintain the maximum amount of current flexibility. Where the 
number of stations is N, N — 1 voltage-control equipments are 
required. To illustrate. Fig. 1 shows four control stations connected 
in one high-voltage system through transformers, three of which are 
equipped with load ratio control, by means of which variable ratio is 
obtainable between line and station bus. It is assumed that loads 
are taken off each low-voltage bus. 

Voltage Across End of Open Loops. When the two ends of the 
lines a and Fig. 1 are connected, forming a loop, it is desirable to 
know whether complete current flexibility is still obtainable. It is 
evident that, if the currents in the four portions of the line are to be 
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independently variable, a variable voltage will exist between a and 
which is the resultant of the impedance drops in the four lines. This 
voltage (e) varies in value and in phase from time to time, depending 
upon changes in load demand. We may write for the voltage 
between a and h for Fig. 1 


e = IiZi 4" I 2 Z 2 “b + I 4 Z 4 , (1) 

where Iil 2 lzl 4 . are the currents desired in the lines. 

Z 1 Z 2 Z 3 Z 4 are the corresponding line impedances. 



Fig. 1. —Transmission Line 
Loop Provided with In-Phase 
and Quadrature Voltage Con¬ 
trol. 

given in the above equation, is 
current flows throughout the loop, 



Fig. 2.— Elementary Loop 
with One Generating Station 
and One Load. 


Effect of Closing the Loop, If 
the loop is closed by connecting a 
and h without inserting any con¬ 
trol equipment, the voltage (e), as 
short-circuited and a circulating 
the value of which is 


Ic 



( 2 ) 


where e = voltage appearing across open loop. 

le = circulating current resulting from the closing of the loop. 

Za = Zi + Z 2 + Z 3 -b Z 4 , the total impedance of the loop (3) 

The addition of the circulating current modifies the currents flow¬ 
ing ill every section of the loop, and to that extent flexibility in current 
<livision is interfered with. The alternative is to introduce into the 
line a voltage which is always equal and opposite to {e). That is, if 
ends a and b are to be connected without interfering with current 
llexibility, it is necessary to bridge points a and h with a voltage which 
is ecjual to, and in phase with, the vector sum of the impedance drops 
in the four lines. 
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Such a low-impedance voltage bridge, in which the voltage and 
also the phase angle are independently controllable, can be inserted 
between points a and h by two control equipments, one providing the 
proper in-phase voltage and the other providing the proper quadra¬ 
ture voltage. 

In general, a transmission line loop in which a maximum current 
flexibility is desired, together with N points maintained at constant 
potential, requires N voltage ratio controls and one quadrature 
control. 

The problem can be approached in the converse manner. For 
example, if in a closed loop the current division, as determined by the 
normal impedance characteristic of the loop, is undesirable, the 
desired currents can be obtained by inserting anywhere in the loop a 
voltage e, which in accordance with Equation ( 2 ) causes a circulating 
current Ic to flow throughout the loop. Thus, if e can be varied both 
in value and in phase angle, any desired modification of current can 
be obtained. 

One Generating Station and One Load on Loop. In the case of one 
generator and one load supplied by two lines forming a loop, as shown 
in Fig. 2, a simple method of. analyzing the problem is first to assume 
that the loop is closed, without loop control. Under these conditions, 
with e = zero, determine the current division between the two sections. 
The impedance volts consumed in the two sections are equal. There¬ 
fore, 

-F I 2 Z 2 — 0 (4) 

which determines the current flowing in the two sections. If now a 
voltage (e) is inserted anywhere in *the loop, a circulating current 
flows through the loop in accordance with Equation ( 2 ). The currents 
in both sections of the loop are modified. For the new current dis¬ 
tribution, the following equation for loop voltage applies: 


(/j -f- Ic)Zi -\- {I 2 + Ic)^2 + 6 = 0 


Zi + Z2 


( 5 ) 

( 6 ) 


These simple equations can be readily applied to numerical cases. 
Case I, Impedance Angles in Two Sections of Loop Equal, The 
simplest case is when the impedance angles of the two sections are 
equal, i.e. 

ri r2 
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where Xi, X 2 , and n, r 2 are respectively the reactance and resistances 
of the two sections of the loop. 

Assume Z 2 = 6 Z 1 . With equal impedance angles in the two loops, 
the currents in the two sections remain in phase with each other, but 
divide in the inverse ratio of the impedances, i.e., since 


Z 2 = 62^1 
7 i = 6J2 

Since the ratios X/r \n both branches of the loop are equal, the 
normal currents flowing in the two branches are in phase with each 
other, under all conditions of load. It is assumed that the circulating 
currents are also in phase, for it would be of no advantage to introduce 
a circulating current having an out-of-phase component. Therefore, 
all the currents are in phase and the problem reduces to one of simple 
arithmetic, the circulating current adding arithmetically to the normal 
current in one section and subtracting arithmetically from the normal 
current in the other section. Thus, by introducing a voltage {e) in 
series with the loop, having the proper phase angle with reference to 
the normal currents, any desired amount of current may be transferred 
from one section to the other. 

Loop control as above described may be desired for the following 
reasons: 

1 . To limit the current flowing in a portion of the loop on account 
of rating limitation of line or apparatus. 

2 . To control the division of current on account of contract con¬ 
siderations between companies. 

Case II. Impedance Angles in Two Branches of Loop Unequal. 
In many interconnected systems, wide variations exist in the ratio of 
A""/r in the various sections of a given loop, as is evident from the 
following typical values of the ratio X/r: 


Transformer. 6 to 10 

H-V. overload lines. 3 to 6 

Cables. 1 to 2 


I"or example, in loops made up partly of relatively low-voltage 
('nl)l('s and partly of relatively high-voltage lines, with transformers 
ill; both ends of the line; a wide variation in the impedance ratio 
exists. 
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Assume for the simple loop shown in Fig. 2. 


ri 

^ = 6 
r2 


n = r2 

With unequal ratios of X/r^ the currents in the various branches 
are no longer in phase with each other. The actual currents and their 

phase relations can be readily obtained from 
the vector diagram (Fig. 3) built up on the 
impedance triangle of the two branches, in 
which 

AB = impedance Zi 
BC = impedance Z 2 
AC = total impedance of loopZi +Z 2 

Since by Equation (4) the impedance 
ratio Z 1 /Z 2 is equal to / 2 /F 1 , it follows 
that 

AB — current I 2 
BC = current Ji 

AC = total current = /i + 72 

* 

From this simple diagram the current 
and voltage changes which must be brought 
about for any desired current distribution 
can be readily determined. For example, 
suppose that it is desirable to bring about an exact equality of the 
currents in the two sections. The circulating current Ic which will 
bring this about is represented by the line drawn from the middle 
point D of the line AC to B^ so that 

AD = I 2 + Ic 
DC = I 1 + Ic 

The necessary voltage which must be inserted in the loop to establish 
this circulating current BD is obtained from Equation (6). The 
numerical value of the loop impedance Zi + Z 2 can be obtained 



Fig, 3.— Vector Diagram of 
Current Division in a Loop. 
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directly from Fig. 3, measuring the length of AC. Loop control 
voltage is numerically equal to the product of the loop impedance 
Zi + Z 2 as determined from the length of the line ZC, and the cir¬ 
culating current Ic as determined by measuring the length of the 
line BD. 

From the vector diagram of current division, and also from the 
numerical analysis, it appears that the effect of gross differences in 
ratio of reactance to resistance of the large reactance of the high- 
voltage transmission line, which constitutes the alternative path to a 
relatively low-voltage cable, is as follows; 

1. To introduce a wattless component of current into the loop. 

2. To cause an undue proportion of load current to flow through 
the low-reactance path. 

3. To increase the total losses in the transmission system. 

The insertion of loop control is an obvious remedy, for, by insert¬ 
ing a voltage (e) of proper value and phase angle, the current Ic 
(see Fig. 3) is made to flow around the loop, thus modifying current 
AB to ADj and current BC to CD^ and thus bringing the currents in 
the two branches in phase and equal to each other. 

Current Distribution in Loop for Minimum Losses, It can be 
shown that the criterion for current division in any loop for minimum 
loop losses is the condition that the vector sum of the resistance voltage 
steps around the loop should be zero. This can be brought about in 
any loop by inserting a voltage in the loop which will result in a cir¬ 
culating current, so that 

RI, +I!(r7) = 0 

resistance of total number of loops, 
circulating current. 

vector sum of resistance drops (not including the drop 
due to circulating current). 

It can also be shown that, when ratios of resistance to reactance in 
ca('h section of the loop are all equal to each other, the currents dis- 
Il ilmle in the loop so as to obtain minimum copper loss when the loop 
is ('losed without voltage inserted. From the standpoint of obtaining 
Miinimum losses in the loop, control equipment is necessary only by 
virlue of the fact that the various sections of the circuit have different 
I'ltiioH of reactance to resistance. 

Transformer Connections for Phase-Angle Control. Transformers 
iiHcd to derive phase-angle control do not differ materially, either 
inerhiinically or electrically, from those used for in-phase control. 


where R = 
I a = 
il(r7) = 
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In general, phase-angle control is obtained by interconnecting the 
phases, i.e., by deriving a voltage from one phase and inserting it in 
another phase. Various arrangements are shown in Figs. 4 to 9. 

The very simple arrangement given in Fig. 4 illustrates a single- 




Fig. 4.—Single Core Delta 
Connection. 


Fig. 5. —Two Cores—Delta 
Connection. 


core delta-connected auto-transformer, in which the series windings 
are so interconnected as to introduce into the line a quadrature voltage. 
One phase only is printed in solid lines so as to show more clearly how 



Fig. 6,—Two Corefe—Y Con¬ 
nection with Zigzag Connected 
Series Winding. 


^ g I T 



Fig. 7,—Two Cores—Y Con¬ 
nection with Delta Connected 
Series Transformer. 


the quadrature voltage is obtained. Figs. 5, 6, and 7 show two-core 
arrangements, which are self-explanatory. 

In all these diagrams the terminals of the common windings are 
connected to the mid points of the series windings. This is done in 
order that the in-phase voltage ratio between the primary lines ABC 
and the secondary lines XYZ is unity for all values of phase angle 
introduced between them. 
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Where simultaneous and independently controlled load ratio and 
phase-angle control is desired in one unit, the connections shown in 



I'lG. 8. —Delta Connected Common Winding. Regulating Winding for Phase Angle 
C'ontrol, Diametric Connection. In Phase Control, Diametric/Delta Connection. 


X 



1*10, 9. — Y Connected Common Windings. Excitation of Series Transformer 
Derived from Two Y-connected Secondaries. 

I'igH. 8 and 9 may be employed. In Fig. 8 one set of tapped windings 
(diametric connected) is used for both controls, and separate series 
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windings placed on separate cores are necessary. The connection 
therefore involves three transformer cores. By means of the circuit 
shown in Fig. 9 one series transformer is sufficient, thereby reducing 
the number of cores to two. However, the connection involves two 
distinct sets of tapped windings, 


BIBLIOGRAPHY 

1. “Tap Changing Under Load for Voltage and Phase-Angle Control,” by H. B. 
West, A.I.E.E. Trans., July, 1930, p. 839. 

2. “66 to 60 Kv. Tie Made with Phase-Angle Control,” by D. B. McDonald, 
Electrical World, November 22, 1930, p. 960. 

3. “Control by Tap Changer—Combined Voltage and Phase-Angle Regulation 
Applied to Tie Line and Network Feeders in a Metropolitan Area,” by H. C. Forbes 
and H. A. Morgan, Electrical World, October 13, 1934, p. 626. 

4. “Voltage Regulation and Load Control,” by H. C. Forbes and H. R. Searing, 
A.I.E.E. Trans., June, 1934, p. 903. 


CHAPTER XV 


CHARACTERISTICS OF INSULATING MATERIALS 

By V. M. Montsinger 
GENERAL 

In contrast with the metallic materials of which a transformer is 
composed, insulating materials, both solids and liquids, are erratic in 
their behavior, difficult to evaluate accurately electrically, subject to 
rapid deterioration both electrically and mechanically under certain 
conditions, and, most important of all, the life of the transformer is 
almost wholly dependent upon how these insulations are used or 
abused during operation. 

The erratic nature of insulation is most pronounced in mineral oil 
when used alone. On account of its erratic dielectric strength, oil is 
seldom used without some solid in narrow spaces under high-voltage 
stress. However, between sheets of solid insulation, oil is much more 
dependable, comparing favorably with the solid. 

Although solids are less erratic than oil, yet even the simpler solids 
vary widely in their characteristics and in no two cases do they give 
precisely the same results. 

Usually the various characteristics of the solid insulations available 
for a given application are such that a compromise has to be made 
because the maximum improvement of any particular quality may 
result in the sacrifice of another desirable quality. This is particu¬ 
larly true of laminated structures. For instance, increasing the 
dielectric strength of a solid to its maximum value may result either 
in making it brittle or in causing imperfections in the structure due to 
c'racks, especially if the material is of heavy laminated structure. 
Only experience will tell how to obtain the best balanced qualities. 

Not only are solids variable in themselves but also their value as 
insulating media depends to a large extent upon their proximity to 
liigh dielectrically stressed points, especially where some oil is adjacent 
to the highly stressed points. 

In addition to the above-mentioned variable characteristics, 
itiHulations must be adequately protected throughout the entire life 
of the transformer from such factors as moisture and undue deteriora- 
tloji from excessive temperatures. 
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As pointed out in considerable detail in the chapter entitled 
“ Thermal Characteristics of Transformers/' all fibrous insulations 
have the property of aging in rfiechanical strength at all temperatures, 
and the “ rate of aging ” increases quite rapidly with increased tem¬ 
perature—in fact, the rate approximately doubles for each 8° C. 
increase in temperature. Electrically, however, no aging takes place 
until the material becomes quite brittle and cracked. 

Oil also deteriorates to some extent at all temperatures, if exposed 
to air, which acts as an oxidizing agent, thereby causing a sludge 
formation. The formation of sludge rapidly increases with tempera¬ 
ture. If air is excluded, however, the formation of sludge is very 
effectively reduced at all temperatures. It is for these reasons, as 
well as to exclude moisture from both the oil and solid insulations, 
that most power transformers are" provided with conservators, inert- 
gas cushions, etc. 

The purpose of this chapter is to describe the dielectric character¬ 
istics of insulating materials commonly used in transformers. The 
latest theories of the mechanism of breakdown are stated as well as 
the dielectric strength as affected by shape of electrodes, thickness of 
material, time of voltage application, frequency, and temperature; 
also, the dielectric constants and the effects of voltage stress and fre¬ 
quency on the dielectric loss. 


APPLICATION OF SOLID AND FLUID INSULATIONS 
IN TRANSFORMERS 

Solid insulations are used in transformers in four different parts of 
the internal structure, viz., between* turns, between coils and to 
separate one winding from another winding, and from all windings to 
ground. 

Among the more commonly used solid materials for insulating 
transformers are laminated paper structures, pressboard, varnished 
cambric cloths, and various kinds of papers. Liquids comprise 
mineral oil and a non-inflammable synthetic liquid. In certain types 
of transformers (air-blast, etc.), air is used to advantage in series 
with solids between coils, between windings, and from windings to 
ground, etc. 


THEORIES OF BREAKDOWN OF INSULATION 

Several theories of the mechanism of the breakdown of insulation 
have been advanced, chiefly among which are (1) the ionization by 
collision theory, and (2) the pyroelectric theory. 


THEORIES OF BREAKDOWN OF INSULATION 
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The ionization by collision theory attempts to explain the electrical 
breakdown of gases, liquids, and solids; the pyroelectric theory 
attempts to explain the breakdown of solids only. The first theory 
has received wide acceptance, but the second theory has not been 
entirely accepted as giving a complete explanation of the mechanism 
of breakdown. However, there is good evidence that a pyroelectric 
effect exists which has been generally accepted. 

The above theories, and especially the pyroelectric theory, appar¬ 
ently apply only to “time of voltage application” of approximately 
1 second (1,000,000 microseconds), and longer. For shorter times 
neither of these theories satisfactorily explains the mechanism of 
breakdown of solid insulation. For example, experimental tests have 
shown that there is a wide range in time (shorter than approximately 
I second) during which the breakdown strength remains approximately 
constant; in other words, “time of voltage application” during this 
period apparently has no effect on the dielectric strength. For very 
short “times” of the order of 3 m.s. and less the strength increases 
;igain. Within this short space of time the mechanism of breakdown 
has been ascribed ^ to a mechanical or shattering effect by the voltage. 

The Ionization by Collision Theory. Gas. Briefly, the ionization 
theory enunciated by Townsend ^ seeks the cause of electrical failure 
ill the generation of conducting particles by the successive impacts of 
free electrons against the neutral gas molecules. The theory is best 
exj^ilained by an illustration. Suppose two oppositely charged plates 
to be separated by air. The free electrons present receive an acceler¬ 
ated motion due to the electric field. With the gradual increase in 
potential, the electrons acquire increased kinetic energy until a voltage 
value is reached where corona is observed. At this voltage the 
particles originally present have become endowed with sufficient 
kinetic energy from the electric field to generate more conducting 
partic'les by impact with the neutral gas molecules. This increase in 
the number of charged bodies leads to a rapidly mounting current 
b<‘lw(‘en the plates and the ultimate electrical failure of the gas. 

Liquids. The dielectric-strength behavior of insulating liquids is 
dependent entirely upon the purity of the liquid itself. By purity is 
meant the degree of absence of (1) dissolved gases, and (2) undissolved 
Inreign material. 

It h as been suggested ^ that insulating liquids should be classified 
as {a) “pure,” indicating freedom from dissolved gases as the major 
impurilies; and {h) “ impure,” indicating dissolved gas as the major 
impurity. Water, dust, and fiber particles would be considered as 
seenudary impurities. 
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In the pure state the breakdown mechanism depends on the liquid 
itself and is governed by the formation of charged particles. This 
may be caused in part by elettrically charged molecular aggregates, 
colloidal-like in nature, and in part by molecular ionization by col¬ 
lision. 

In the impure state considering only major impurities the break¬ 
down is governed by and follows the mechanism of the gas or gases in 
the liquid. In this impure state the dielectric strength depends to a 
marked extent upon the dissolved gas which in turn is materially 
affected by temperature and pressure as will be noted from data given 
later under dielectric strength of liquids. It follows, then, that, if the 
breakdown of a gas is by ionization by collision, the breakdown of 
impure liquids is also by ionization by collision, or at least is initiated 
from ionization by collision in the'dissolved gases. 

As to the effect of the secondary impurities, the breakdown in oil 
is no doubt initiated by the lining up of particles of fibers, especially 
when in combination with a small amount of moisture. Pure water 
in itself has very little effect on the breakdown of a pure oil. 

Solids. With solids, the problem is much more difficult because 
the results are generally obscured by factors foreign to the solid itself. 
Recent studies by Rogowski led to the suggestion that the submicro- 
scopic cleavages found in all crystals contain gas spaces in which 
gaseous ionization and electronic bombardment are the basic cause of 
failure. 

A recent contribution on the subject is by Wideroe,^ who analyzes 
the electrical stability of rock salt and the energy necessary to upset 
by electron impact its crystal lattice structure. His experiments check 
the calculated breakdown stresses qttite closely. The most recent 
work then points to the evidence that failure takes place, even in solid 
insulation, as the result of ionization by collision. 

The above applies to materials ordinarily considered to have a 
homogeneous structure. Fibrous materials as used in apparatus are 
generally far from homogeneous, being impregnated by other insulat¬ 
ing materials such as varnish, compound, oil, and sometimes air 
spaces. Even the most dense solids like herkolite are impregnated, 
and their breakdown is mostly, if not wholly, governed by the char¬ 
acteristics of the impregnating material rather than by the fibrous 
insulation itself. 

Pyroelectric Theory. The pyroelectric mechanism of breakdown 
suggested by K. W. Wagner^ attempts to explain how a failure 
develops in solids (when the time is more than approximately 
1 second). 
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The pyroelectric theory is based on the fact that the electrical 
conductivity of the fibers increases exponentially with temperature, 
and the assumption that there is a weak spot or fiber in the insulation 
at or in which the losses are slightly higher than in the surrounding 
mass. The development of heat and the resulting temperature rise 
are concentrated at this point. The conductivity increases, resulting 
in a further increase in temperature. Finally, the weak spot reaches 
a condition where the current " runs away.” This is the ultimate 
breakdown point. 

Shattering Theory. Referring to Fig. 14, p. 472, it will be noted 
that the breakdown strength decreases quite rapidly from near zero 
to 3 m.s. The strength then remains essentially constant to approxi¬ 
mately 50,000 m.s. 

It appears that a mechanism in which time plays an important 
role, as it apparently does in either the ” ionization by collision ” or 
” pyroelectric ” theories, does not apply to the entire volt-time break¬ 
down curve. As to the cause of the large increase in strength with 
very short times, this may be explained either by a shattering effect on 
the fibers by the voltage or by " space charge.” Beyond 3 m.s. 
apparently nothing happens (when the voltage is slightly less than the 
3 m.s. breakdown value) until heating (pyroelectric effect) or corona 
or both enter as a factor. Further research is necessary before definite 
conclusions can be drawn on the mechanism of breakdown of solid 
insulation for these very short intervals of time. 


DIELECTRIC STRENGTH AS AFFECTED BY SHAPE OF ELECTRODES 

The actual breakdown strength of a given insulating material, 
whether in solid, gaseous, or liquid form, is influenced perhaps more 
1 )y the shape of the electrode * than by any other factor other than the 
condition of the material itself. 

Insulations as used in apparatus are seldom, if ever, in an absolutely 
uniform field, the field being distorted by edge effects of either the 
conductors or ground points. For this reason it is necessary and is 
si and arc! practice to make all laboratory routine tests on materials 

* Some idea of the magnitude of the effect of a non-uniform field can be gained 
from (lie fact tliat Inge and Walther,® of Leningrad, by forcing the puncture to occur 
ill ii uniform field under the electrode, were able to increase the breakdown strength 
(tl glass I ul)ing about 10 times the usual value obtained by ordinary electrodes. The 
loi'mer value a])parently represents the true dielectric strength of the material. 
'I lierefore, in any scientific investigation of the dielectric strength of materials it is 
necessary l:o lest the material in a uniform field. Inge and Walthcr made use of 
Hemi-coiidiicling baths to obtain a uniform field in testing flat specimens. 
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using disc electrodes of various diameters and with either square or 
slightly rounded edges. 

# 

VARIATION OF BREAKDOWN STRENGTH WITH THICKNESS 

It is a well-recognized fact that the dielectric strength of insulation 
seldom increases in direct proportion to its thickness, when tested in a 
non-uniform field. 

In most cases and for practical purposes it has been shown ^ that 
the dielectric strength of most insulating materials including oil can 
be expressed by a simple exponential formula in which the strength 
increases as the thickness raised to some power, generally less than 
unity, i.e.: 

kv. (1) 

in which kv. = dielectric strength. 

A = constant depending on the material. 

T = thickness. 

n = numerical value ranging from approximately 0.5 
to 1.0. 

The value of n for solids depends on and is affected by several 
factors such as degree of dryness, the structure of the materials, the 
treatment of the material (n being lower for treated than for untreated 
materials), and to a large extent by the dielectric field (i.e., whether 
the field is uniform or non-uniform) which in turn is dependent on the 
shape of the electrode used. For uniform fields the value of n is 
generally higher than for non-uniform fields. This would be expected 
because with sharp edge terminals the concentration of the stress on 
the material at the edges increases with an increase in the spacing or 
thickness of material resulting in breakdown for the larger spacing at 
an “ apparent lower stress ” in volts per mil. 

For oil, another factor affects the value of n. That is, if oil not 
degassified is tested between flat discs the actual strength as well as 
the value of n varies widely, depending on whether the faces of the 
discs are horizontal or vertical, as will be shown later. The reason 
for this, of course, is that the air entrapped or held on the underside 
of an upper horizontal plate plays a very important role in the break¬ 
down. 

The value of 2/3 for n is generally used for both solids and oil in 
design work. This, of course, means that the amount of insulation 
must be increased at a faster rate than the test voltage. Roughly 
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speaking, to double the kilovolt strength the insulation must be 
trebled. This explains why the size and cost of apparatus increases 
so fast with an increase in the voltage rating. 


GASES (AIR) 

Under this class comes principally air. Compressed nitrogen or 
similar inert gases have been used to a very limited extent as insulating 
media for small high-voltage potential and X-ray transformers, where 
the losses are negligible, weight is important, and the use of oil is 
objectionable. 

Air is depended upon for insulation purposes in several different 
ways: 

(1) Small general-purpose transformers. 

(2) Large air-blast transformers. 

(3) Transformer bushings. 

(4) Line insulators, bus bars, rod gaps, etc. 

(5) Sphere gaps, used as voltmeters. 

The use of air with sphere gaps is possible because the dielectric 
strength of air is the best-known * and the most definite of the three 
insulating media, air, oil, and solids. 

The standard method of expressing or measuring the breakdown 
strength of air is by the voltage necessary to cause sparkover between 
sphere gaps. The advantages of the sphere gap over the needle gap 
(formerly used as the standard) are as follows: 

Spheres are not affected by atmospheric conditions (humidity) 
(provided the surface is kept dry) other than barometric pressure, 
wlu're the flashover kv. varies directly with the relative air density. 

Since spheres have practically no time lag, except for times of less 
(Iiiui approximately 1 m.s., they measure the crest voltage of either 
f)0-('ycle or impulse voltages. 

The first evidence of stress on a sphere is complete sparkover, and 
I he undesirable effects and variables due to prolonged brush dis¬ 
charges and broken-down air as with points are eliminated. Con- 
HeqiK'iiUy, they are more accurate than points. 

1 lowever, for accurate work it is necessary to have spacings 
Ix'lween spheres less than the diameter of the spheres, especially 
where one sphere is grounded. 

* DcTiiiitc laws on Lliu beginning of corona and tlie dielectric strength of air were 
woi l((r(l out and enunciated several years ago by F. W. Peek, Jr.® 
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The latest agreed-upon * sparkover voltages, when one sphere is 
grounded, of spheres ® of various sizes ranging from to 100 cm., are 
given in Fig. 1. 

The 60-cycle strength of a point or rod gap in air is shown in 





Fig. 1. —Sphere Gap Calibrations (One Sphere Grounded). A = Pos. Impulse; 
B = 60-Cycle Crest and Negative Impulse; C = 60-Cycle R.M.S. 

Fig. 2 for different absolute humidities at standard air density (sea 
level). It will be noted that the sparkover strength decreases about 
3 per cent for each 0.1 in. vapor pressure that the humidity is decreased. 

* By the Subcommittee of the A.LE.E. Committee on Instruments and Measure¬ 
ments, published in Electrical Engineering, July, 1936, p. 783. 
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The 60-cycle wet flashover of spheres will range between 30 and 
50 per cent of the dry flashover, depending upon the spacing and size 
of spheres. Generally speaking, drops of water on spheres reduce the 
60-cycIe flashover to that of a rod gap for the same spacing. 



2.—60-Cycle Dry Spark-over Voltage of One-Half Inch Square Rod with 
S(|uare Cut Ends. At Sea Level and at Different Humidities. Vapor Pressure 

Expressed in Inches. 

Note. —.6085" Vapor Pressure = 6.5 gr./cu. ft. at 25° C. 


The time used in making low-frequency tests is generally desig¬ 
nated as ** instantaneous ” and “ 1 minute.” The instantaneous 
tests are made by increasing the voltage at a uniform and fairly rapid 
i*ate. The instantaneous flashover kv. of air will range from 5 to 
10 per cent above the 1-minute flashover, the general average being 
nround 7 to 8 per cent. 
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The dielectric strength of air in volts per mil increases for small 
spacings, as shown in Fig. 3. 



Fig. 3. —Dielectric Strength and Sparkover Voltage of Air Films (Between Glass 
Plates) for Sm^l Spacings. 

Replotted from Fig. la. —Ref. 15. 

SOLIDS—TESTING STANDARDS 

Since time of voltage application affects the breakdown strength 
of all solid insulation it has been necessary for commercial testing 
purposes to standardize some definite time interval for holding the 
voltage. One minute has been the time chosen. Obviously, in 
obtaining the 1-minute breakdown strength, this must be approxi¬ 
mated because it is not possible to predict the exact voltage which will 
cause breakdown in 1 minute^s application of voltage. The true 
1-minute strength can be obtained only by taking a volt-bme curve 
and then drawing a line through the average of the test points. 

The standard procedure (recommended by A.S.T.M.*) followed 

* American Society for Testing Materials. 
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in determining the dielectric strength of solid insulation is first to 
apply the voltage rapidly until failure takes place. The voltage on 
the next sample is started at 40 per cent of the initial breakdown value 
and held for 1 minute. The voltage is then increased in 10 per cent 
steps of the initial breakdown value and held 1 minute at each step. 
No rest periods are taken between shots. For example, if the rapidly 
applied voltage breakdown is 100 kv., the 1-minute steps are held at 



Fig. 4.—Dielectric Strength of Solid Insulations in 25° C. Oil One-Minute 60-Cycle 

Test. 

A —Herkolite 

B —Black varnished cambric (flat sheets) 

C —Oil-treated pressboard 
D —Varnish-treated horn fiber 
E —Varnish-treated pressboard 
F —B.V.C. or crepe paper—3^ lap tape 

Note .—See Fig. 8 for effect of temperature on dielectric strength. 

KV = CT^ 


40, 50, 60 kv., etc. Test results obtained in this manner compared 
with true 1-minute breakdown values show reasonably close agree¬ 
ment. Sometimes the standard 1 -minute values may be slightly 
lower than the true 1-minute values because the undervoltage tests 
have caused some fatigue. 

As previously pointed out, the breakdown strength of solids is an 
exponential function of the thickness, the values of the exponent 
ranging from 0.5 to 1.0, the general average ranging around 0.67, 
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Fig. 4 gives representative standard 1-minute 60-cycle strength 
of various thicknesses of solid insulating materials used in trans¬ 
formers. * 

Effects of Time of Voltage Application on Dielectric Strength. 
Within the time limits ordinarily used in low-frequency tests the 
breakdown strength is influenced to a large extent by the storage and 
dissipation of heat in the material. When an a-c. voltage is applied, 
the stress begins to generate hysteretic and dielectric losses. At first, 
all the loss is stored and the temperature starts to rise. As soon as 
the temperature rises the materials start to dissipate the heat. Until 
a state of equilibrium (where the heat dissipated is equal to the heat 
generated) is reached, the temperature continues to rise, the resist¬ 
ance of the material decreases, and the current increases. Eventually, 
the current runs away. The run-away point of the current is the 
breakdown value.* 

' After the equilibrium state is reached, no further decrease in break¬ 
down strength occurs with time. 

As the result of the accumulation of a great many experimental 
data on the breakdown strength for various durations of applied 
voltage (of 25 to 420 cycles), it has been found that the breakdown 
strength can be expressed by an empirical equation as follows: 


Letting V = breakdown strength, any time T. 

Vx = breakdown strength, 1 minute (T = 1). 
Vo = breakdown strength, infinite time. 

C = constant. 


V= Vo 


(‘•+ y) 


when r = 1. 

Vx 

Let 


„ F 1 + c/r- / I \ ( c \ 

«• - t; --T+V - (rn;) + (iTc) 


( 2 ) 


Let 1 -|- U = “* 
a 


* This phenomenon is not to be confused with the pyroelectric theory since the 
breakdown is not necessarily dependent upon the existence of some weak spot in tlie 
insulation. 
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Then 


a a 

\ — a 




Substituting the numerical value of J for w, the general equation 
becomes: 


+ W) 


(3) 


V 

where Rt -- 

Vx 

Vo 
Vx 


a — 


T = time in minutes. 


It would, of course, be expected that the value of a in Equation (3) 
would be different for different materials. The tabulation in Table I 
Kives maximum, average, and minimum values of a, and the densities 
for some of the insulating materials commonly used in transformers. 


TABLE I 


Materials in Oil 

a 

Density* 

U.OOd in. untreated cable and kraft papers./. 

0.85 

0.7 to 0.8 

0 012 in. varnished cambric (1 to 10 layers). 

0.675 

1.12 

0 005 in. varnished bond paper (6 or 7 layers). 

0.675 

1.12 

( onibinalion of in. pressboard and ^ in. oil ducts in 

HericH. 

0.675 1 

PreMHboiird at 75 and 100° C. 

0.675 

0.95-1,05 

rirMHboard at 25° C.... 

0.50 

0.95-1.05 



* Compared to water at 15.5° C. 


Thil values of a do not appear to bear any definite relation to the 
dniHity of the material. No doubt a depends mostly upon the internal 
loMH(*H. 
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Table II gives in tabulated form the ratios of dielectric strength 
calculated for different times T and for maximum average and mini¬ 
mum values of a in Equatioh (3). 

Fig. 5 shows the data in Table II plotted in curve form. The 
shaded area or band represents the variations in dielectric strength 
with time of voltage application, likely to be obtained from representa¬ 
tive Class A insulating materials used in electrical apparatus. 



Fig. 5.— Strength-time Curves Plotted from Formula: 

in which "a” is a Constant Depending on the Material. 


Most insulating materials seem to fit best the fourth column in 
Table II. This shows that the infinite time strength is approximately 
two-thirds the 1-minute strength, and the 1-second strength it 
approximately 1.6 times the 1-minute strength. In round numbers 
the relative strengths are: 1 second = 1.5; 1 minute = 1; and 
infinity = f—figures easily remembered. 
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TABLE II 


Effect of Time on the Dielectric Strength of Insulation 


T = Time 

Ri = Ratio of Dielectric Strength Calculated 
BY Equation (3) 

Sec. 

Min. 


/ , 0.325\ 

(^0.675 


1 

0.0167 

1.27 

1.587 

1.90 

3 

0.05 

1.167 

1,36 

1,556 

5 

0.0833 

1.13 

1.278 

1.43 

10 

0.167 

1.084 

1.182 

1.28 

20 

0.333 

1.048 

1.105 

1.16 

30 

0.5 

1.03 

1.062 

1.095 

60 

1.0 

1.00 

1.00 

1.00 


2. 

0.976 

0.95 

0.92 


5. 

0.95 

0.89 

0.833 


10. 

0.934 

0.858 

0.78 


30. 

0.914 

0.814 

0.714 


60. 

0.904 

0.792 

0.68 


120. 

0.895 

0.77 

0.65 


Infinity 

0.85 

0.675 

0.50 


Effect of Frequency on Dielectric Strength. So far the dielectric 
strength of solid insulation for only one frequency has been discussed. 

It has been shown that within the limits of 25 and 420 cycles the 
r fleet of frequency on the dielectric strength can be expressed 




pn 


ill which Rf = ratio of strength. 

K = constant. 

F = frequency in cycles per second. 
n = 0.137. 


( 4 ) 


Although no claim is made for accuracy beyond about 500 cycles 
It will be noted that Equation (4) holds fairly closely in comparing 
IVelcV results of tests made ® at 60 and 90,000 cycles, as shown in 
r«i>ic III. 
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TABLE III 

Dielectric Strength at 60 and 90,000 Cycles 
From F. W. Peek, Jr., ”High Voltage Engineering,'* Third Edition, p. 250 


Time 

60-Cycle 

90,000 Cycle 

90,000 Cycle Kv. 
Values Calculated 

Test, kv. 

Test, kv. 

by Equation (4) 




from 60-Cycle Test 


Oiled Presshoard 


Inst. 

35.5 

9.5 

13,0 

Inst. 

39.5 

6.1 

14.4 

1 min. 

31 

7.3 

11.3 


37 

4.1 

13.5 


Varnished Cambric 


Inst. 

53 

19,5 

19.4 

Inst. 

42 ■ 

13.5 

15.3 

Inst. 

42 

10 

15.3 

1 min. 

46.5 

17.8 

17 


31 

10 

11.3 


31 

7.5 

11.3 


The tests referred to above showed that the equation holds for 
the range of time from 1 second to infinite time. 

Effects of Time of Voltage Application and of Frequency on 
Dielectric Strength. Within commercial frequencies the relative 
dielectric strengths of insulation can be expressed by the product of 
Equations (3) and (4). That is: 

R = Rf y, Ri — (^^.137^ H 

where R = the ratio of dielectric strength, equal to unity for 1 minute 
60-cycle strength. 

Fig. 6 shows a family of curves plotted from Equation (5) giving 
the relationship between frequency and time of voltage application for 
the average solid insulating materials. 

Table IV gives the relation between time and frequencies to pro¬ 
duce the same voltage strain at 60, 200, 350, and 420 cycles. 


■— Ratio of Ko. to One Kinate Ko. Strength 
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I''lG. 6.—Relation of Frequency and Time of Voltage Application on Breakdown of 

Solid Insulation. 


TABLE IV 


'J'aijulation of Material, Temperature, Constants and Time to Produce 
Aiu’ROXIMATEly the Same Voltage Strain at Different Frequencies—Time 
Calculated by Equation (5), Assuming E = 1 


Material and Arrangement 

Temper-| 

ature 

Value of Constants 
in Equation (5) 

Time in Seconds 
(Approx.), Cycles 


“C 

a 

k 

n 

60 

200 

350 

420 

1. Solid pressboard. 

25 

0.5 

1.75 

0,137 

60 

18 

11 

9 

2, Solid pressboard. 

7^100 

0.675 

1.75 

0.137 

60 

11 

6 

4 

3. ICqiiid distribution of press- 
board and oil. 

75-100 

0.675 

1.75 

0.137 

60 

11 

6 

4 

4. 'Two pressboard bar- 

riei'H separated by one 
^^(^-in. oil duct. 

25 

0.675 

1.26 

0.06 

60 

26 

17 

IS 

5, Two n** 9 -iii. pressboard bar- 
rieiH separated by one 
f|*g-ill. oil (.luct. 

25 

0.675 

1.22 

0.05 

60 

29 

21 

19 



































































































392 


CHARACTERISTICS OF INSULATING MATERIALS 


Fig. 7 shows curves similar to those in Fig. 6 except that they are 
for the conditions where the oil duct is twice the thickness of the solid 
insulation. This corresponds more nearly to the division of insulations 



Fig. 7. —Relation of Frequency and Time of Voltage Application on Barrier of Solid 

and Oil in Series. 

used in transformers between windings and from windings to ground 
(major insulation). 

It was from these relationships that the rule in the 1930 issue of 
A.I.E.E. Standards 13, paragraph 13-403 (^:), was based and reading 
as follows: 


(c) Transformers Tested by Induced Voltage: Where the high voltage test in 
transformers is made by inducing the required voltage in the windings, frequencies 
higher than normal are generally employed, in order to avoid over-saturation of the 
iron and also in large transformers, to enable the test to be made with small testing 
equipment. When higher frequency than normal is used the severity of the test is 
increased and for that reason it is recommended that when a frequency greater than 
120 cycles be employed, that the time for test be reduced so that the equivalent 
cycles of a 120-cycle 1-minute test are secured. These equivalents, for purposes of 
standardization, are as follows; 

Frequency Time in Seconds 

120 and less 60 

180 40 

240 30 

360 20 

400 18 
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Effect of Temperature. An increase in temperature has the effect 
of decreasing the dielectric strength of most solids. The reasons for 
this are: (1) the power factor increases causing a further increase in 
the internal temperature; and (2) the ohmic resistance decreases 
with increasing temperatures, facilitating the flow of current through 
the material, thus hastening the current run-away point. 

Fig. 8 shows the effect of temperature on the 60-cycle 1-minute 



I*'Id. 8. — Effect of Temperature on One Minute 60-Cycle Dielectric Strength of 
Fibrous Insulations Immersed in Oil. (Approximate.) 

l»i'<‘Mkdown strength of the varnish-treated and untreated fibrous 
liiHiiIations used in transformers. These curves show that for treated 
mnlerials the strength is decreased in the order of 25 per cent per each 
100" C. increase in temperature. That is, the strength, in going from 
0 In 100° C., is decreased from 100 to 75 per cent, while in going from 
100 (o 200° C. the strength is decreased from 75 to 56 per cent (75 per 
rml: --25 per cent of 75 per cent). 

TRANSFORMER OIL 

Effect of Shape of Electrodes on Dielectric Strength, Standard 
rlrcIrodcH* generally used for testing commercial transformer oils 
lire I-in. discs with square edges spaced 0.1 in. apart. Commercial 
nils ordinarily give test values from 25 to 35 kv., though if special care 
Itt tidoMi lo remove all traces of moisture a test as high as 40 to 50 kv. 
niiiy be obtained. The standard value for acceptance tests is 22 kv. 

* Si II III 111 i d electrodes of the American Society for Testing Materials. 
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The minimum strength considered safe for operation In transformers 
is approximately 17 kv. Breakdown strength below 17 kv. indicates 
the presence of excessive moisture. 

The effect of the position of 10-in. diameter disc electrodes is shown 
for different gap spacings in Fig. 9. The dissolved air affects both the 
slope of the line (0.62 for horizontal and 0.97 for vertical position) 



9 ^—The Logarithmic Expression of the A. C. Strength Thickness Relation in 
Transformer Oil. 

Electrodes—brass discs 10'' in. diam. 

Test Procedure—minute 

Gap setting—as shown 

Condition of oil between tes^s—well stirred, 

(Points are average of five tests). Taken from Ref. 3. 

and the breakdown values, being higher in all cases for the vertical 
electrodes. 

Fig. 10 gives the 60-cycle 1-minute strength of 25° C. oil (having 
25 to 30 kv. strength with standard electrodes) when tested with 
various-shaped electrodes. 

In all cases excepting with a point and a plane (4-in. discs and 
needle point, Fig. 10) the strength varies quite closely with the 
spacing raised to the two-thirds power. The two-thirds exponential 
law, of course, does not hold all the way back to zero spacing under 
any condition, since the dielectric strength in volts per mil starts to 
increase as the spacing approaches approximately 0.1 in. (Fig. 10a) 
and increases to quite high values for extremely short spacings 
0.01 in. and less. 
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I' Ki. 10. — 60-Cycle Dielectric Strength of Oil with Different Shaped Electrodes— 
One Minute Tests. Temp. 25° C. 



hti, lOif. Sliowing Increase of Strength of Oil at Small Spacings at 60v^[Spheres 
R = 1.3"]. (Replotted from Fig. 181, Ref. 8.) 
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The effect of water in suspension on the dielectric strength of oil 
is shown in Fig. 11. 

The impulse strength of 6il with 4-in .-diameter square edge elec¬ 
trodes is shown in Fig. 11a. 




Fig. 11a.—Impulse Sparkover of an Oil Gap. 1.5 X 40 wave. 4" dia. electrodes 

with square edges. 
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It is well to point out that the creepage with the grain and over the 
surface of insulations in oil has the peculiar characteristic that the 
curve of breakdown kilovolts vs. distance bends over quite rapidly 
for long distances and the breakdown strength becomes less than the 
breakdown by creepage in air, Fig. 11b. This is true for both 60-cycle 
and impulse voltages. 



I' Ki. 116. — Comparative Creepage Strengths (of 60 Cycle) Over-treated Laminated 
Wood and (Impulse) Over Herkolite Tubes. 

Effect of Dissolved Air on Dielectric Strength. It has been 
hhown that the dielectric strength of oil is largely dependent on the 
Mmount of dissolved gas. The dielectric strength of oil containing 
guH Hliould, therefore, possess characteristics similar to those of the 
dirh*('tric strength of air (Fig. 12) when starting with a low air content 
HIM I then increasing the pressure. As shown in Fig. 13 the 1-minute 
IchI: VO huge strength of oil-dissolved gas ranges from 24 kv. at a 
lircHSiirc of 1 in. of mercury to 36 kv. at a pressure of 28 in. of mercury. 

A good example of the sharp decrease in the dielectric strength of 
oil due to the introduction of a very small amount of air (by exposing 
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degassed oil to air) is illustrated in Fig. 14. It will be noted that the 
strength drops from 42 kv. at the end of 2 minutes’ exposure to 30 kv. 
at 5 minutes' exposure. Tlie strength then increases quite rapidly to 



Fig. 12.—The Dielectric Strength of Air as a Function of Density. Ref.—Peek, 
Dielectric Phenomena (McGraw-Hill), p. 196, 1920. 

48 kv., showing the effect of the increase in density of the dissolved 
gas. The small decrease from this point on is probably due to an 
excessive amount of air as the oil becomes gas-saturated. 



Fig. 13.—The Dielectric Strength of Trans. Oil as a Function of the Applied Air 
Pressure below 760 mm, of Mercury. Gap setting, (horizontal). Electrodes, 
standard P' brass discs. Temp. 25° C. 

The rate of re-solution of air in a degassed transformer oil 11 in. 
in depth at 25® C. is indicated in Fig. 15, which shows that the maxi- 
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Img. 14. —Dielectric Strength of Trans. Oil as a Function of Its Dissolved Air Con- 
(;(‘iit. Gap, yq" (horizontal). Test electrodes, brass discs. Test temperature, 
25° C. Test voltage, rapidly applied. Oil conditioning before run-degassed at 
700 microns. Mercury pressure, 25° C. Taken from Ref. 12. 



r 10. 15.—Rate of Re-solution of Air in Trans. Oil at 25° C. Oil surface, sq. in. 
()il (trplh, II inches. Temperature, 25° C. Barometer, 760 mm. mercury. Taken 

from Ref. 12. 
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mum air absorbed by volume is 10.5 per cent, this value being reached 
in 120 hours or 5 days. 

The effect of temperature on the gas (nitrogen, air, and oxygen) 
solubility of transformer oil is shown in Fig. 16. 

Effect of Time of Voltage Application on Breakdown of Oil. 
(a) Low-Frequency Tests. Oil alone is so erratic that no very definite 
strength-time curve can be obtained. However, the average of a 
large number of tests shows that the strength decreases quite rapidly 
after the first few seconds of voltage applications and after this the 



Fig. 16.—The Effect of Temp, on Gas Solubility in Trans. Oil. Oil temperature, as 
stated. Barometer, corrected to 760 mm. Gas volume, corrected to 25° C. Oil 
conditioning, 4 hrs. at temp, given. Oil vokime, 3^'^ deep, 36 sq. ins. surface area. 

Taken from Ref. 12. 


effect of time becomes less and probably disappears after 2 or 3 
minutes. 

Fig. 17 gives the results of time tests made on No. 10 Transil oil 
in which were submerged two 4-in. (10-cm.) round-edged electrodes 
spaced 0.375 in. apart. The voltage was applied by closing the field 
switch of the generator. The scattered points illustrate well the 
erratic nature of oil as has already been pointed out by Hayden and 
Eddy.i3 

The reason why the strength is higher for short times than for 
1-minute duration of voltage is probably that it requires time for 
whatever impurities are present to line up and bridge the gap. If the 
oil was absolutely pure it might be found that time of voltage applica- 
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tion would have no effect on the rupture voltage. Commercial 
oils, however, are seldom, if ever, free from small particles of dust, 
lint, etc. 

(b) Impulse Tests. The breakdown strength of a J-in. oil gap 
for shorter times than 1 second—-back to \ m.s.—is shown in Fig. 17, 
p. 475. It will be seen that the impulse strength increases quite 
rapidly for short times—less than about 10 m.s.—the increase being 
more than that for solids. 

Effect of Frequency on Dielectric Strength of Oil. Although it is 
not expected that the dielectric strength of transformer oil would be 
appreciably affected by commercial frequencies, tests were made with 



bO and 420 cycles using 4-in. (10-cm.) round-edged electrodes spaced 
0.375 in. apart in oil that tested 27 kv. with standard 1-in. electrodes 
rtpaiH‘(l 0.1-in. apart. The voltage was increased at the rate of 1 kv. 
pi*r 5 seconds. These tests show that, within the range of 60 and 
*120 cycles, frequency has negligible effect on the dielectric strength 
ol oil. 

Effect of Temperature on Dielectric Strength of Oil. The dielectric 
Ml leiiKlh ol oil generally increases with temperature from about — 5° C. 
np lo about 100° C. Above 100° C. the curve flattens out and eventu¬ 
ally <li‘('i'cas(\s. Below —5°C. the strength increases quite rapidly, 
no doubt owing to moisture particles in suspension being frozen. 
I'i^. 18 shows tyjiical kv.-temperature curves for oil. 
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Effect of Water on Dielectric Strength of Oil. The presence of 
water in oil aids in lining up any impurities in the oil, thereby re¬ 
ducing the voltage breakdown value, as shown in Fig. 11. 

Dielectric Constant. The dielectric constant of most transformer 
oils is approximately 2.6 times its specific gravity. Its constant, 
therefore, varies to some extent with the temperature, being around 
2.3 at 25° C. and decreasing uniformly to around 2.17 at 100° C. 



Fig. 18.—Dielectric Strength of Transformer Oil as Affected by Temperature. 

Viscosity, Specific Gravity, and Coefficient of Expansion of Oil, 

Curves of viscosity, specific gravity, and expansion versus temperature 
are shown in Fig. 19. 

Although the specific-gravity and expansion curves are shown as 
straight lines, it is recognized that there should be a slight bend in the 
lines since both increase geometrically. 

Laboratory tests show that the volume of oil increases 8 per cent 
for a 100° C. increase in temperature. The maximum error introduced 
by drawing a straight line from unity at 0° C. through 1.08 at 100° C, 
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is approximately 0.15 per cent (at 50° C.), which is negligible. The 
same percentage error holds for the specific-gravity straight line. 

For practical purposes, however, both the specific-gravity and 
volume change with temperature can be expressed by straight lines, 
as shown in Fig. 19. 



I' Mi. 19. — Curves Showing Variations of Specific Gravity, Volume and Viscosity with 
Temperature of 10 C. Transformer Oil. 


The formula for the expansion of transformer oil can be written: 

V = Fo(l + aT) (6) 

wlicro V = percentage volume at temperature T. 

Vo = volume at 0° C. 
rv = 0.0008. 

7' = temperature in degrees Centigrade. 

Specific Heat. The specific heat of transformer oil is 0.425 
(iil./gnim or 0,372 cal./cc. 

PYRANOL 

(ioneral. The use of mineral oil as an insulating and cooling 
inn limn niiule possible the development of the modern transformer. 
Minri'iil oil, however, has two objectionable characteristics: namely 
( I) Unit ('(‘rliiin mixtures of oil vapors with air when confined cause an 
I'sploHion when ignited by an arc, and (2) that the oil burns when 
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heated up to the burning point and exposed to fire. Considering, 
however, the very large number of mineral oil-filled transformers that 
have been giving satisfactor}^ service for many years, and the very 
few cases of fire, the use of mineral oil has been well justified and no 
apologies are needed for it. 

However, on account of the possible fire hazard, the Fire Under¬ 
writers’ Rules prohibit the use of oil-immersed transformers in certain 
locations. Hence, the modern air-blast type of transformers was 
developed for use in closely congested districts in large cities. 

Until 1932 no satisfactory substitute for mineral oil was available. 
The answer to this demand was met by the development of a syn¬ 
thetic cooling and insulating liquid * which has all the desirable 
characteristics of mineral oils and in addition the distinctive property 
of being non-inflammable and "non-explosive, thus removing all 
possible fire risk. 

Pyranol was first used in 1932 and confined to distribution trans¬ 
formers installed where the fire hazard was objectionable. However, 
since that time its application has been extended to power transform¬ 
ers, where a non-inflammable liquid is of sufficient importance to 
justify the higher cost of the synthetic liquid. 

Physical Characteristics. The more important characteristics of 
Pyranol are as follows; 


Transformer 
' Pyranol 

Color. Straw-yellow 

Burning point. None 

Viscosity (seconds Saybolt) at —20° C. 3010 

0 » 550 

10 250 

20 130 

37.8 54 

50 45 

70 38 

90 35 


Flow point (A.S.T.N.). 

Dielectric constant at 25° C, (specific induc¬ 
tive capacity). 

Specific heat.| 

Coefficient of expansion. 

Specific gravity (15.5/15.5* ° C. 


Lower than —32° C. 
4.5 

0.251 cal./gram. 
0.389 cal./cc. 
.0007% per ° C. 

1.56 


• Referred to water at 15.5° C. 


* The trade name of this synthetic liquid is Pyranol. It was developed by h'. M. 
Clark,of the Pittsfield Works of the General Electric Company. 
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Chemical Stability. Pyranol is chemically stable and is not 
affected by reaction with other materials used in Pyranol-filled equip¬ 
ment. It is non-oxidizing and shows no development of corrosive 
acidity or insoluble sludge over long periods at high temperature, 
even up to 150° C. 

Volatility. The liquid Pyranols range from those which are non¬ 
volatile to those of low viscosity which are more volatile than the 
average transformer oil. Because it is more volatile and is more 
expensive than mineral oil, Pyranol transformers are generally built 
with sealed tanks or tanks of equivalent construction. 

Physiological Characteristics. Pyranols, being of high boiling 
point, are usually handled and operated under conditions where 
vaporization of the liquid is negligible. The physiological action of 
Pyranols is considered from the standpoint of; {a) normal liquid 
condition; {h) evaporation from liquid Pyranol; (c) the gases pro¬ 
duced when Pyranol is decomposed by electric arc. 

Normal Liquid Condition, Liquid Pyranols, like mineral oils, 
may be freely handled without fear of toxic effect, although continued 
exposure may produce occasional minor local skin irritations. Ordi¬ 
nary detergents or medicinal washes will remove any irritation caused 
by bringing Pyranol in contact with an open cut or skin abrasion. 
A drop or two of Castor oil will neutralize any irritation caused by 
contact of liquid Pyranol with the eyes. 

Evaporation from Liquid Pyranol, As with most volatile materials, 
exi:)osure to concentrated Pyranol vapors in unventilated rooms should 
1)0 avoided. All available evidence indicates that ordinary exposure 
lo Pyranol vapors produces no ill effects. 

Products of Decomposition. Air-saturated Pyranol at 25° C., 
when decomposed by an electric arc, evolves gases in the approximate 
proportions shown in Table V. 


TABLE V 

Transformer 

Pyranol 


Hydrogen chloride. 97.50% 

Oxygen.. 

Unsaturated hydrocarbons. 

Carbon dioxide.28 

Carbon monoxide.28 

Phosgene. qI 

Saturated hydrocarbons. 

Hydrogen. 

('hlorine. 

Inert (nitrogen). 1.33 
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Since all products of decomposition are non-inflammable and non¬ 
explosive, relief diaphragms can be used on Pyranol transformers 
either in connection with gdfe absorbers or connected to the open air, 
thereby greatly relieving tank pressure in case of heavy internal arcs. 

Demulsiflcation. Transformer Pyranol demulsifies more than 
twice as fast as mineral oil. All Pyranols are heavier than water; 
therefore, the moisture, on separation, rises to the surface—as con¬ 
trasted with moisture in mineral oils, which, on demulsiflcation, 
settles to the bottom of the oil. 

Pyranol, if exposed to air, maintains consistently high values of 
dielectric strength. Its water absorption is too small to have been 
accurately measured, as yet. 

Dielectric Strength. Pyranol has a higher dielectric strength than 
mineral oil. Furthermore, water condensed on its surface does not 
migrate down through the Pyranol, because the density of Pyranol is 
greater than that of water, and, therefore, higher dielectric strength is 
more easily maintained in Pyranol than in oil. It has been shown 
that the difference in strength will range in the order of 40 to 50 per 
cent when tested with the standard 0.1-in. gap and about 20 per cent 
for longer gaps. 

Dielectric Constant—Permittivity. The dielectric constant of 
transformer Pyranol is 4.5 at 25° C. As this is practically the same 
as the dielectric constant of the solid insulations used in transformers, 
a more nearly equal distribution of dielectric stress throughout the 
insulation structure is obtained. 

The following example will illustrate this point. Assume a press- 
board barrier of unit thickness in series with a unit thickness of oil. 
Since the permittivity of mineral oil Is approximately one-half that of 
pressboard, two-thirds of the voltage will be taken up by the oil and 
one-third by the solid. 

■ The result is that the oil, in almost every case where these two 
insulations are in series, starts to give off corona and breaks down long 
before the solid fails. Anything that can be done then to transfer 
some of the voltage stress from the oil or liquid to the solid will increase 
the breakdown point. This transfer can be done in only one way, 
namely, by changing the ratio of the permittivities of the solid and 
liquid. 

Therefore, when replacing mineral oil in a barrier (consisting of oil 
and solid in series) with Pyranol, whose permittivity is 4.5, the voltage 
stress on the liquid is decreased, the amount depending on the ratio of 
the two insulations used in series. For example, Table VI gives the 
relative stresses in volts per mil within a barrier consisting of dificrcnt 
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percentages of solid and liquid where the liquid has two different 
permittivities, namely, 2.25 and 4.5. 

TABLE VI 


Total 
'J' mCKNESS 
OK Barrier, 
Inches 

Insulation Thick¬ 
ness, Inches 

Volts per Mil in Liquid and Solid with 
100 Kv. Across 1-in. Barrier 

Permittivity of 

Permittivity of 

Liquid 

Solid 

Liquid 
= 2.25 

Solid 
- 4.5 

Liquid 
= 4.S 

Solid 
= 4.5 

1 

1 

4 

1 

4 

160 

80 

100 

100 

1 

A 

2 

1 

133 

07 

100 

100 

1 

f 

i 

114 

57 

100 

100 


It will be noted from the above that by substituting Pyranol for 
mineral oil the reduction in the voltage stress in the liquid is 14 per 
('(‘lit where 25 per cent of the barrier is solid, and 60 per cent where 
75 per cent of the barrier is solid. The former ratio corresponds more 
nearly to practical barriers as used in transformers. 

Effect of Pjuranol on Other Material. Pyranols are highly stable 
and chemically inert, but are, in general, powerful solvents of most 
varnishes, gums, binders, paints, etc., customarily used in oil-filled 
e(|iiipment. For this reason, such materials are eliminated from 
l^yranol-fllled equipment. 

Pyranol and its vapors have no effect on the ordinary metals. 
When decomposed by an arc, however, the hydrogen chloride formed 
may combine with water and form hydrochloric acid, which will 
a I lack metals. This is of no particular importance in transformers 
HiiK'c an arc, due to a sustained short circuit of sufficient magnitude to 
piodiice an appreciable quantity of hydrogen chloride, will also neces- 
hilalo the disassembly and repair of the equipment. The effects of 
I lie acid will be insignificant as compared with other effects of the 
br(‘ak(]own. 

DIELECTRIC LOSS 

Gases (Air). Air, unless stressed to the point where corona is 
Ini ined, has no dielectric loss. Small air voids in solid insulation may 
considerable corona since the stress on the air which has a 
dielectric constant of 1 is from 4 to 4.5 times the stress on the solid 
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whose dielectric constant is from 4 to 4.5. Furthermore, the break¬ 
down strength of air or corona point is well below that of solid insu¬ 
lation. * 

Liquid (Transformer Oil). Fig. 20 shows the 60-cycle energy loss 
vs. volts per mil of transformer oil (at 25° C. and 76.5° C.) which had 



Fig. 20.—Dielectric Loss in Transformer Oil. 40 c.m. brass plates .157 in. apart. 

60 cycles. 

a dielectric strength of 22 kv. when tested with 1.0-in. discs spaced 
0.1 in, apart. 

It will be noted that the loss varies about as the voltage squared, 
but less than the first power of the temperature. 

Solids. In general, dielectric loss in solid insulation increases 
with voltage, temperature, frequency, moisture content, and impurities 
such as binding compounds, etc. 

The total loss in dry solid insulation when subjected to a uniform 
field consists of the loss due to conduction and of the loss due to dielec¬ 
tric hysteresis, and may be expressed ® by the equation 

P = g^a + g^fb 


( 7 ) 
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where P 

g 

a 

f 

b 


total loss per cubic inch. \ 

voltage gradient in effective volts per mil. 
conduction loss factor depending upon the kind of insula¬ 
tion, Its temperature, and moisture content, 
frequency in cycles per second. 

CT^ = dielectric loss factor where T is the absolute 
temperature, C and n are constants. 


If we assume that the insulations are practically free from moisture 
and that the loss due to conduction is negligible in comparison to the 
hysteresis loss the equation can be written 


P = g^fb = g^fCT- ( 8 ) 

For a single conductor cable of conductor radius ri and of insulated 
radius r 2 the dielectric loss W in watts per unit length can be expressed 
by the equation 

W = (9) 

Tl 



1 ^2 
log.— 


ri 

where gi -- 

n log, — 
ri 

E = effective impressed volts. 

h'lg* 21 gives the 60-cycle dielectric loss vs. temperature and volts 
p(M‘ mil of oil-treated pressboard when tested between 10-in. flat tubes. 

'These curves show that the loss varies about as the voltage squared 
and as the absolute temperature raised to the fourth power (w = 4). 

The variation of loss with temperature and volts per mil on black 
varnished cambric is shown in Fig. 22. 

The effect of frequency on the loss in glass, mica, varnished cambric, 
and asbestos is shown in Table VII. 

'Table VII shows that the loss varies approximately as the voltage 
K(|!iarcd and directly with the frequency. These tests (by Alexander- 
won) were probably made at room temperatures. See Figs. 21 and 22 
lor effect of temperature on loss. 
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TABLE VII 


Effects of Voltage and Frequency on Loss in Different Insulations 



Temperature, Deg. C 

Fig. 21.—Dielectric Loss vs. Temperature of .094" Regular Oil-treated Special Gray 
Pressboard. Tested between 10" flat disks. Total thickness, .203". 60 cycles. 
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Fig. 22.~Dielectric Loss vs. Temperature of .012" Black Varnish Cambric. Tested 
between 10" flat disks. 60 cycles. 

No. 1—Sample No. 1—.ISO'' thick. 257 volts per mil. 

No, 2—Sample No. 1—.150" thick. 175 volts per mil. 

No. 3 —Sample No. 2—.162" thick. 162 volts per mil. 

No. 4—Sample No. 3—.152" thick. 142 volts per mil. 

Point at 141° C. was taken at 131 volts per mil. 

Point at 150° C. was taken at 124 volts per mil. 


EFFECT OF TREATMENT ON ABSORPTION OF MOISTURE 

The high rate at which fibrous insulations absorb moisture from 
the air is quite important, especially when transformer windings are 
exposed to the atmosphere even for a few hours. 

Fig. 23 shows the percentage increase in weight by treated and 
untreated shellacked paper sections 3 in. by 3 in. by 0.1 in. when 
exposed to 70 to 80 per cent relative humidity. When it is remembered 
that the normal weight of moisture should not exceed about 1 to 
2 per cent these curves show that, with the usual varnish treatment, 
iipparatus should not be exposed longer than one or two days without 
redrying. These curves show that paraffin is an excellent protector 
from moisture absorption. 

DIELECTRIC CONSTANTS 

'I'ho permittivities or dielectric constants of insulation are of impor- 
Imu'e in transformers mainly because they affect the a-c. voltage 
HtroHHes when two or more different materials like air, oil, and solids 
















































































































412 


CHARACTERISTICS OF INSULATING MATERIALS 


are in series. The values of the constants of these three materials are 
such that when in series the voltage stress on the materials is in the 
reverse order of their breakdown strengths. Thus, for example, air, 
having a dielectric constant of unity, when in series with oil has about 
2.2 times the stress on the oil in volts per mil, and when in series with 
a solid has about 4,5 times the stress on the solid. On the other hand, 
the dielectric strength of air is much less than that of either oil or 
solid. Similarly, with oil in series with a solid, the stress in volts per 
mil on the oil is approximately twice that on the solid which has the 
higher strength. 



Fig. 23.—Per Cent Increase in Weight of Treated and Untreated Shellac Paper 
Sections S" X 3" X .100" Versus Days Exposed in Humidifier at 70%-82% Rela¬ 
tive Huftiidity. 


Table VIII gives the general average permittivities of various 
insulating materials. 


DIELECTRIC GRADIENTS 

The dielectric gradients or voltage drops across two dielectrics in 
series are inversely proportional to their permittivities in an a-c. field, 
provided the leakage current by conduction is negligible. 

Generally speaking, the conduction in a-c. fields is negligible so 
the gradients can easily be calculated if the permittivities are known. 

Two Dielectrics in Series—Uniform A-C. Field. Take two 
parallel planes with different dielectrics between them, neglecting the 
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TABLE VIII 


Material 

Air. 

Asphalt. 

Bakelite. 


Dielectric 
Constant or 
Permittivity 

1 

2.5 

4.5 


Varnished cambric 


4 to 5 


Fiber (horn), dry. . •.. 2.5 

Fiber (horn), oiled. 4.5 to 5 


(ilass (crown). 

(ilass (heavy flint).. 

(jutta percha. 

Hcrkolite. 

I Icrkolite. 

1 lerkolite. 

Hcrkolite. 

Mica. 

Oil (linseed). 

Oil (transformer oil) 

Fyranol. 

Paper (dry cable). . 
Paper (paraffined).. 

Paper (oiled). 

Paraffin. 


6 

10 

3.5 to 4 
3.7 at 25° C. 
3.85 at 50° C. 

4.4 at 75° C. 
5.0 at 100° C. 
5 to 7 

3.5 

2 to 2.5 
4 to 5 

6.0 

3.5 

4 to 4.5 
2 to 2.3 


Prt^Hsboard (dry). 3 

Pressboard (oiled). 4 to 5 

I'orcclain. 4.5 to 5 


Klibber (hard). 3 

Rubber (vulcanized). 2.5 

Shellac. 3 

Sulphur. 4 

Woocl (treated). 3 to 3.5 


Rorcronce for most of above materials, p. 249, "Dielectric Phenomena in High Voltage Engineering.” ® 


flux concentration at the edges, the voltages ei and 62 are divided as 
follows: 


ei 



( 10 ) 


62 = 


( 11 ) 
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in which xi, X 2 and ki and ^2 are the thicknesses and permittivities, 
respectively, while the gradients are 




Where only two dissimilar materials like oil (or Pyranol) and solid 
are in series, a simplified formula may be used to determine directly 
the stress on each material as follows: 


Stress on oil = 




in volts per mil 


+ 0 


Stress on solid = 


0 


in volts per mil 


+ 5 


Where e = total applied kilovolts. 

S = thickness of solid in inches. 
0 = thickness of oil in inches. 
Ks = permittivity of solid. 

Ko = permittivity of oil. 


Example,— Oil = Xq = ^ in. ko = 2. 

Solid = Xs = ^ in. kg = 4. 

e = 150,000 volts. 


Substituting in formula: 

Co = 100,000 volts. 

63 = 50,000 volts. 

go = 200,000 volts per inch or 200 volts per mil. 
gs = 100,000 volts per inch or 100 volts per mil. 


Under this condition it is seen that, unless oil has at least twice the 
dielectric strength of the solid, the oil will break down first. 

As the strength of oil is generally somewhat less than that of a 
solid, the first evidence of breakdown usually occurs in the oil, par¬ 
ticularly in non-homogeneous fields. In other words, the oil and not 
the solid limits the permissible distance, with oil and solid in series. 
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The voltages and gradients at any point x in b. combination of n 
dielectrics in series can be determined by 


11 

H 


Example.—A ir = Xa = ^ in. 

ka = 1. 

Oil = Xp = J in. 

ko = 2. 

Solid = acg = ^ in. 

11 


e = 280,000 volts. 

By the above formula the gradients are: 


+ 


( 12 ) 


ga = 320 volts per mil. 
go = 160 volts per mil. 
gs = 80 volts per mil. 

The voltage across the materials are: air 160 kv.; oil 80 kv., and 
solid 40 kv. In view of the fact that air has the lowest breakdown 
strength, oil the next higher, and solid the highest, the above shows 
that the division of stresses is in the reverse order of the insulation's 
ability to withstand the stresses. For example, since the air starts 
breaking down at about 54 volts per mil, oil at about 200 and solid at 
al)OUt 250 or 300 volts per mil, the air will fail long before the other 
insulations are anywhere near their breakdown points; consequently 
it, is most essential to remove all air from oil-immersed transformer 
windings and insulations previous to the dielectric tests. 

Concentric Cylinders, The voltage gradient between two con- 
('(Mitric cylinders can be calculated by the formula 

0.434E 

-^ (13) 

logio — 
r 

in which gx = gradient in kilovolts per inch. 
e = volts (eff.). 

X = some point between cylinders, inches. 

R = radius of larger cylinder, inches. 
r = radius of smaller cylinder, inches. 

When there are more than two cylinders separated by media 
having different dielectric constants 


0.434E 
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in which r, ri, r 2 , r„, and R = radii of cylinders (starting with smallest); 
k, ki, and kn = dielectric coastants, respectively. 

Parallel Straight Conductors. With two parallel straight con¬ 
ductors of radius r separated from center to center by distance s and 
when s/r is small the maximum gradient is at the conductor surface 

and is 


OAUE 


Smax. 




(15) 


When - is greater than 6 or 7 the following formula should be used 

T 

to obtain the voltage gradients, between two conductors (haying the 
same radii) insulated with tape and immersed in a liquid or air: 


= 




0.434E 


logio — logio — 

_^ ^ 

kl k2 - 


(16) 


Sy = voltage gradient in kilovolts per inch. 

E = kilovolts applied voltage. 

X = any distance from center of conductor. 
kx = dielectric constant at x. 

— radius of insulated conductor in inches. 
r = radius of bare conductor in inches. 

5 = spacing between centers of^conductors. 
kl = dielectric constant of tape on conductor. 

k 2 = dielectric constant of medium between insulated conductors. 


When one of the conductors is bare, the formula becomes 


0.434£ 


So = 


Xkx 


logio- logio 


kl 


k2 


(17) 


where ro = radius of bare conductor. 

When the bare conductor is a plane the gradient on the conductor 
and in the insulation on the conductor become practically doub e t a 
calculated by formula (16) since the dielectric flux near the plane is 
the same as that half way between two symmetrical conductors. 
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Voltage Drop, The voltage drop in the insulation on two insulated 
conductors separated by an insulating medium may be calculated by 
the following formula: 


En, 


E 


logic — 
r 

, kl 


logia — 
r 

kl 


+ 


logio ^ 
k2 


(18) 


where Ebt 
R 
r 
kl 

k2 


voltage drop in percentage of applied voltage E. 
radius of insulated conductor in inches, 
radius of bare conductor in inches, 
dielectric constant of tape on conductor, 
dielectric constant of medium between insulated con¬ 
ductors. 


When one conductor is bare the formula becomes 





R'^ 


E 

logio r 

- kl 



logio— logio 


(19) 




k2 


When the bare conductor is a plane the voltage drop on the surface 
of the conductor is twice that shown by Equation (19). 
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CHAPTER XVI 


VOLTAGE STRESSES IN AUTO-TRANSFORMERS 
IN Y-CONNECTION 

By L. F. Blume 

A variety of dangerous abnormal voltages may occur in the 
Y-connection of auto-transformers, originating in three distinct causes: 
(a) line grounds, (b) peculiarities of third-harmonic phenomena; 
(r) line transients. As the resulting behavior of the auto-transformer 
is greatly influenced by whether its neutral and also the system neutral 
(ire grounded or isolated, four distinct cases must be separately 
discussed. A general classification of the characteristics under the 
various cases is, for convenience, tabulated on the following page. 

CASE I. AUTO-TRANSFORMER NEUTRAL GROUNDED, SYSTEM 
NEUTRAL GROUNDED 

This is the most satisfactory condition for auto-transformer opera¬ 
tion, and under it any auto-transformer connection and ratio may be 
considered practically safe from the standpoint of low-frequency 

It is the only arrangement which is safe 
for single-phase units, unprovided with a 
tertiary delta winding. 

Ratios in excess of three-to-one be¬ 
tween high and low line voltages, however, 
are not to be recommended, as they may 
lead to life hazards in distribution circuits 
and to entrance of abnormal transient 
voltages from the high-voltage system to 
the low-voltage system in power circuits. 
The larger ratios can be safely used only 
when the low-voltage system is effectively 
protected against transient abnormal volt¬ 
ages. 

The third-harmonic exciting current 
required by the Y-connected auto-trans¬ 
formers (unequipped with tertiary-delta 
winding) returns to the generator through 
ground I>y means of the two ground connections, and under favorable 
coiiditioiis may cause telephone interference. On this account, a 
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voltage stresses (Fig. la). 



I'Mi. 1. — Voltage Distortion in 
AiilO’l runsfonncrs Resulting 
fioiii Line k'ault. Auto-trans- 
Itn HUT Neutral Grounded, Sys- 
It'iti Neutral Grounded. 
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Classification of Abnormal Voltages in Auto-Transformers 


Source of 
Trouble 

- - -- 4 - 

Case I 

Case II 

Case IH 

Case IV 

Auto-Neutral 
Grounded, 
System Neu¬ 
tral Grounded 

Auto-Neutral 
Isolated, 
System Neu¬ 
tral Isolated 

Auto-Neutral 
Isolated, 
System Neu¬ 
tral Grounded 

Auto-Neutral 
Grounded, 
System Neu¬ 
tral Isolated 



[. 


r 

:l 


r 

Case I. 

Case 11 

Case IJ 

Case F 

S 

T 

A 

'S 

T 

A 

S 

T 

A 

S 

T 

A 

Effect of line ground 

A 

A 

Ar 

Ai 

Ai 

Ai 


Bb 

A 

A 2 

Ai 

Aj 

Third-harmonic 
characteristics.. . 

A 

A 

Aj 

C3-4 

A 

A 

C4 

A* 

A 

C4 

A 

A 

Line transients. .. . 


Ag 

Ay, B 

Ce 

c, 


c. 

Cb 

B, 

A* 

Ai 

A| 


A = satisfactory. S = single-phase ^uto-transformers or three-phase shell-type. 

B = moderately safe, T = three-phase auto-transformers on three-legged core- type coral 

C = dangerous. A = auto-transformers provided with tertiary delta. 


Numbers refer to these notes: 

1. Over poLentials increaae with increase in high-vdtage to low-voltage ratio* 

2. Over potentiab on either system limited to its fated line voltage. 

3. Third-harmonic e.m.L from neutral to grotind is about 50 per cent of line voltage. 

4. Third-harmonic resonance possible between auto-lrnnsformeT inductance and line capacitance. Tbil 
may result in dangerous overvoltages with single-phase units and shell-type units. In three-legged, three-phau 
core-type units, possible resonance voltages are very moderate. 

5. Inversion at fundamental frequency. 

6. Inversion of transient voltages possihlej which may be hazardous imless adequate protection against thtM 
transients is obtained by providing a suitable lightning arrester or thyrite resistor between neutral and ground 

or across series windings. _ u v v 

7. If the system includes Y-connected generators with neutrals grounded, stepping up through Y-Y con* 

nected transformers with both neutrals grounded, then excessive circulating current may flow between Inter¬ 
connected apparatus. ^ . u u *i. 

8. Lightning impulses tend to concentrate across the scries windings, and the senes windings should tner^ 
fore be designed either (fl) with sufficient insulation to withstand the voltages permitted by the coordination 
level or (6] with by-paaa protection to reduce the voltage concentration to a safe value. 


number of states prohibit the grounding of Y-Y connected trans¬ 
formers and Y-connected auto-transformers whenever the power linos 
run parallel to telephone lines, unless the transformers or auto-trans¬ 
formers are equipped with delta windings. 


CASE 11 * BOTH NEUTRALS ISOLATED 
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Effect of Line Grounds. A ground on the primary lines short- 
circuits one phase of the generator (Fig. \b). The voltage on the 
corresponding phase of the auto-transformer collapses, but no short- 
circuit current flows through the auto-transformer and no voltage rise 
occurs anywhere. 

A ground on one of the secondary lines short-circuits one phase of 
I he generator through one phase of the auto-transformers (Fig. Ic), 
the current being limited by the sum of the impedances of one leg of 
I lie auto-transformer bank, one leg of the generator and ground impe¬ 
dance, if any. 

Third-Harmonic Characteristics. Third-harmonic voltages are 
iT'duced to negligible values as third-harmonic currents can flow over 
I lie lines and generator and return through the ground and neutral. 
Ill effect the third-harmonic voltage is short-circuited and rendered 
harmless, but if the length of line, over which the third-harmonic cur¬ 
rents must flow to reach the grounded neutral of the system, is long, 
tlion telephone interference may be encountered. 

CASE II. AUTO-TRANSFORMER NEUTRAL ISOLATED, SYSTEM 
NEUTRAL ISOLATED 

This is a satisfactory condition of operation with the following 
provisions: 

(a) Single-phase or three-phase shell type Y-connected units 
op(M*ating on systems above 6000 volts should be equipped with a 
(crtiary-delta winding to avoid transient inversion of the neutral dur¬ 
ing high-frequency and steep-wave front 
pluMiomena; or 

(b) In three-phase core-type units, 
nd(‘(|uate protection against transient 
invia'sion may be provided in place of 
11 l(*rtiary delta by connecting a suit- 
nbl(‘ lightning arrester or thyrite resistor 
bnlwocn neutral and ground. 

(r) A tertiary delta may be consid- 
ricd as giving adequate protection 
iigninHt transient inversion provided its impedance is sufficiently 
(nw. When small high-reactance tertiary windings are used, protec- 
liuii at'c'ording to paragraph (b) may be necessary. 

Effect of Line Ground, In view of the fact that the grounding of a 
liigli-voltage line subjects the low-voltage system to a voltage stress 
ttbove the low-voltage line voltage (approximately midway between 



Fig. 2.— Voltage Stresses in 
Auto-transformers Resulting 
from Line Fault at X. Auto- 
transformer Neutral Isolated. 
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the high and low line voltages) it is not considered good practice to 
have the disparity betweej? the two system voltages exceed the follow¬ 
ing values: 


Ratio of High-Voltage 
High-Voltage ' Line Voltage to Low- 

Line Voltage Voltage Line Voltage 


Over 30,000 volts 
30,000—7,000 
7,000— 250 


1.10 : 1 
1.33 : 1 
2.00 : 1 


A ground on any one of the high-voltage lines (Fig. 2) raises the 
potential of the low-voltage lines on the other phases to 

O.SSVEi^ + £ 2 ^ + -E 1 F 2 volts 

with respect to ground, where £1 is the high-voltage line voltage and 
£2 is the low-voltage line voltage. Thus, if the auto-transformer s eps 
up from 60,000 volts to 100,000 volts a ground on one of the hign- 
voltage lines raises the potential of two of the low-voltage lines to 
81,000 volts above ground. 

It must not be assumed, however, that a solid line ground is neces- 
sary to produce these abnormal voltage stresses. With balanced, sym- 
metrical capacitances from the lines to ground, and with no line 
grounded, the line potentials with respect to ground are 58 per cent ol 
the line-to-line voltage. But with unbalanced line capacitances the 
voltage stresses on the lines divide inversely as the capacitances and 
therefore even a high-resistance line ground may be small compared 
with the condensive impedance of the lines and produce nearly as tnuch 
potential rise on the other lines fis a solid ground. looking at it m 
another way, the current from the grounded line to ground, being the 
capacitance-charging current of the other lines, is relatively small, and 
• the voltage drop in the ground resistance (which resistance might be con¬ 
sidered high for the load current) may be only a small percentage of the 
line voltage arid negligible, and the ground equivalent to a solid ground. 

A ground on one of the low-voltage lines increases the potential of 
the other lines 73 per cent, that is, from 58 per cent of line voltage 
with no lines grounded, to full line voltage when one of the lines be- 
comes grounded. This case, however, is not peculiar to auto-trans- 
formers but is common to-transformers as well. 

Third-Harmonic Characteristics. In Y-Y connected transform¬ 
ers with isolated neutrals, third-harmonic voltages are confined entire y 
within the transformers; the lines or connected apparatus are not 
affected in any way. But in Y-connected auto-transformem, even with 
isolated neutral, the third-harmonic voltage induced in the senes 


CASE II. BOTH NEUTRALS ISOLATED 
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winding is introduced between the high and low-voltage circuits, and 
therefore tends to circulate a third-harmonic current through the 
capacitance of the high-voltage lines to ground, and through the 
capacitance of the low-voltage lines to ground as a return path. The 
third-harmonic voltages induced in the series winding charge the 
capacitance of the high- and low-voltage lines and may build up to 
iibnormal values (except in the three-legged core-type three-phase 
units), and a tertiary-delta winding must, therefore, be provided to 
short-circuit and circulate the necessary normal third-harmonic mag¬ 
netizing current and avoid appreciable third-harmonic voltages. 
Line grounds modify the circuit constants and may sometimes make 
(bird-harmonic matters worse. 

Although a tertiary-delta winding will reduce third-harmonic line 
{'urrents originating in the auto-transformer, it may increase those 
originating at other points of the system by offering a low-impedance 
return path to them. 

Core-type three-legged three-phase auto-transformers have from 
2 to not more than 5 per cent third-harmonic residual voltage, owing 
(o their high-reluctance return paths for third-harmonic flux, and may 
be considered safe from the standpoint of insulation stresses due to 
third-harmonic voltages. But the connected lines, if sufficiently long 
to introduce into the circuit relatively large capacitance to ground, may 
not be entirely free from third-harmonic currents, theoretically capable 
of j')reducing telephone interference under conditions favorable to it. 

Line Transients. Line transients produced by lightning, switch¬ 
ing, or abrupt line grounds, when impressed across the series windings 
of auto-transformers, may 
through magnetic coupling 
i I id lice severe overvoltages in 
I h(' common winding. As the 
voltage appears between 
nut o-transformer neutral and 
ground, and may exceed, in 
vjdue, normal circuit volt- 
IIge, it is known as transient 
inversion. 

r ig. 3 illustrates an isolated generator G, exciting an isolated auto- 
Imiisformer A, with distributed capacitances Cpy Cs to ground on the 
piimnry and secondary lines, respectively. Suppose that a potential 
diitl iirbance arrives at a from the right. The potential of b remains at 
Wh normal frequency value until the capacitance Cp of the line con- 
nrrlcd to b can be charged. For a steep or high-frequency impulse, 



Fig. 3.—Voltage Stresses in Auto-transform¬ 
ers in Y Connection. 
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Cp acts initially as a short circuit and holds h at its normal frequency] 
potential. As a rises instantly upon the arrival of the disturbance to 
the potential of the incoming impulse and h is held at or near normal 
frequency potential, the result is that a-h, the series winding of the 
auto-transformer, has impressed upon it the entire line to ground volt¬ 
age of the disturbance. On account of the close magnetic coupling of 
the series and common winding, this voltage will be stepped up in the 
common winding in the turn ratio of h-n to a-h. 

When it is considered that voltage disturbances on lines such as 
produced by lightning or arcing grounds are many times normal 
voltage, and that this may be stepped up from 10 to 50 times by 
inversion, the seriousness of these voltages may be appreciated. 

Insulation hazard due to^ transient inversion is greatest for auto¬ 
transformers in which the high-voltage to low-voltage ratio approaches 
unity. When the ratio is 2:1 or more, this hazard may become negligible. 

Protection against Transient Inversion. An effective method of 
protecting the auto-transformer from transient inversion is by a light¬ 
ning arrester or thyrite * resistor, connected between the auto-trans¬ 
former neutral and ground. The protective device must be capable of 
withstanding safely line to neutral system voltage continuously, as this 
voltage appears between auto-transformer neutral and ground, in the 
event of a line fault to ground. The transient values for which it must 
be designed is determined by: (a) the value of the transient voltage 
which the system insulation and series by-pass arresters (if any) will 
permit across the series winding; (Jb) the intensification which will be 
obtained by being stepped up from series winding to common winding; 
{c) the transient current and the ^resulting transient voltage which will 
flow through the protective device. In such determination, line 
regulation, as well as the internal regulation of the auto-transformer, 
are effective in reducing the transient currents and voltages. 

The danger from transient inversion is reduced by a tertiary delta 
winding. In order that the delta winding may be really protective, 
it must either be of sufficiently low impedance (compared with the 
impedance of the source of the disturbance) to practically short- 
circuit at the primary lines the impressed disturbances, or it must be so 
located as to shield the common winding from magnetic induction 
from the series winding. Either condition requires a low tertiary 
reactance; and, therefore, the higher reactance tertiary windings are 
theoretically only partially protective and the apparatus is only 
moderately safe from transient inversion, 

* A resistor inherently possessing stable non-linear characteristics; having a re¬ 
sistance which rapidly diminishes with increasing current or voltage. 
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CASE III. AUTO-TRANSFORMER NEUTRAL ISOLATED, SYSTEM 
NEUTRAL GROUNDED 

(a) Single-phase or three-phase shell type Y-connected units are 
not recommended, as hazardous voltages at normal frequency may 
result from line grounds due to normal frequency inversion. There are 
also the dangers of transient inversion as in Case 11. 

ih) In three-phase core-type units, the hazard from normal fre- 
(jiiency inversion is greatly reduced on account of the closely coupled 
magnetic structure of the three phases. Nevertheless it cannot be 
considered free from hazard on account of the possibility of transient 
inversion and the practical difficulty of inserting an adequate protect¬ 
ive device between auto-transformer neutral and ground. 

{c) A tertiary delta may be considered to be satisfactory as in 
Case II, provided its impedance to the series winding is sufficiently 
low. An important difference exists between Case II and Case III in 
(hat the possibility of neutral inversion at fundamental frequency (if 
Hinall high-reactance tertiaries are used) increases the difficulty of 
providing adequate protection between neutral and ground. 

Effect of Line Ground. Under this condition, auto-transformers 
are subject to both normal frequency and transient inversion, and 
llMM'cfore a delta connection must be provided capable of stabilizing 
ihr. neutral, either by short-circuiting the phase voltage that is causing 
inversion, or by shielding the common winding from magnetic induc¬ 
tion from the series winding, or both. 

Inversion-voltage stresses are an inverse function of the auto- 
Irimsformer co-ratio and, therefore, increase very rapidly when high- 
II 11 (I low-line voltages approach equality, making the co-ratio 
{hiI - E 2 )/Ei a negligible fraction and its reciprocal a large number. 

'The low-reactance requirements imposed on the tertiary for ade- 
i|iint(! ])rotection may make it very uneconomical with little or no 
oprrating advantages over grounding the neutral of the auto-trans- 
(ni iner. 

A ulo-Transformer Stepping-up, (a) A ground on the low-voltage 
lines, as at A (Fig. 4a and 4i>), short-circuits one phase (leg) of the 
j^jaiera tor, and reduces the voltage diagram of the generator and auto- 
1 1 iinslbi niei* to that shown in Fig. 4&, the construction of which will 
be easily understood by noting that one leg voltage has vanished from 
I lie ^eiu.'i ating system, and the potential of A has moved to that of 
Mioiiiid pot(?ntial, B and C remaining at the same potential as before. 

I lie an(o-lransforiners are underexcited and the line voltages are 
iiiibiilain'ed, but there is no excess voltage stress impressed anywhere. 
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(b) A ground on the high-voltage lines, as at X (Fig. 4a and 4c), inverts 
the phase of the corresponding leg voltage, shifts the neutral point of 
the Y outside of the line voltages, and may produce a high induced 
voltage, depending on the voltage ratio of the auto-transformer. 

The method of constructing the voltage diagram of Fig. 4c is as 
follows: Considering Fig. 4a, when X becomes grounded, the voltage 
n-a is impressed on X-A^ X moving to potential fij and A remaining at 
the potential of a, as is seen in the diagram of Fig. 4c. Whether this 
overexcites or underexcites the grounded auto-transformer depends on 
whether the normal voltage of A-X is less or greater than n-a. Assume 


Voltage Distortion in Auto-transformers Due to Line Fault. Auto-transformer 
Neutral Isolated, System Neutral Grounded. 


v 





Fig. 4. —Auto-transformer 

Stepping Up. a. Normal. 
b. Line fault on low voltage 
line. c. Line fault on high 
voltage line. 



Fig. 5. —Auto-transformer 
Stepping Down. a. Nor¬ 
mal. b. Line fault on high 
voltage line. c. Line fault 
on low voltage line. 


that the auto-transformer is boosting the low voltage 10 per cent; 
then with voltage n-a impressed on coil X-A, due to a ground at A^ 
the auto-transformer is overcited 10 times. The voltage A-N (Fig, 4c) 
follows from that of X-A by the turn ratio. Voltages B—N and C-N 
may then be drawn, as B and C do not change position, and voltages 
Y-B and Z-C follow by ratio. 

Although the auto-transformer on the grounded phase may be 
over- or underexcited, depending on the voltage ratios, the auto-trans¬ 
formers on the other phases will invariably be overexcited. 

The voltage stresses may be calculated as follows, assuming E\ 
and E 2 as high and low line voltages, respectively, and referring to 
Fig. 4c. 


CASE III. NEUTRAL ISOLATED, SYSTEM NEUTRAL GROUNDED 427 


Voltage from Y neutral to 


ground = N-X 


0.58Ei£2 

El - £ 2 ' 


Voltage (Y-N) = (Z-N) 


ground due to a high-voltage line 


EiV {N-Xy + 0.333£2^ + 0.58E2(Y-Y) 

■ 


Voltage from Z or F to ground, approximately, 

(El - E 2 )V {N-Xy + 0.333E2^ + 0.58E2(Y-V) + O. 58 E 2 
"" E^ 


Example. Ei = 100 per cent = 1; JS2 = 90 per cent — 0.9 
0 53 X 1 X 0,9 

Voltage {N-X) = - Q~9~~ ^ 

V5.22 -h 0.333 X 0.81 -f- 0.58 X 0.9 X 5.2 
Voltage {Y-N) = (Z-N) = --- — -------— 

= 6.1 or 610 per cent. 

Voltage from Z or K to ground = 0.1 X 6.1 -[-0.58 X 0.9 = 1.13 or 113 per cent. 

Thus, the voltage from the neutral of the bank to ground becomes 
5.2 times the high-voltage line voltage; the auto-transformer on the 
grounded phase is overexcited 10 times; those on the other phases over- 
(‘xcited 6.1 times; and the stress from the terminals of the latter to 
ground is 1.13 times the high-voltage line voltage. The nearer alike 
llie high-and low-line voltages are, the greater is the stress produced 
from neutral to ground. 

It will be noted that the low-voltage lines and connected apparatus 
arc not subjected to any abnormal voltages. 

Auto-Transformer Stepping-down, (a) A ground on the high- 
voltage lines, as at X, Fig. 5a and 5&, short-circuits one leg, n-x, of 
I lie generator and impresses an unbalanced voltage below normal on 
I he auto-transformer bank. 

(b) A ground on one of the low-voltage lines, as at A (Fig. 5a and 
5c), shifts the neutral, impressing full leg voltage, n-x, on A-X, as 
shown in Fig. 5c. A-X is drawn equal and parallel to n-x, and A-N 
is then drawn by its turn ratio to A-X, the ratio of common to series 
winding. It will be observed that, the nearer alike the high and low 
voltages are, the greater is the overexcitation of the grounded leg. 
'I'hus, if the voltage of the series winding is only 10 per cent of the 
normal leg voltage, then a ground on one of the low-voltage lines will 
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overexcite the corresponding leg 10 times, and may cause failure from 
neutral N (Fig. 5c) to ground. The potential of N may be calcu¬ 
lated as follows: If Ei is thfe high-voltage line voltage and E 2 the low^ 
voltage line voltage. 

0 5SE1E2 

Voltage N to ground = — - — (Fig. 5c) 

El — E2 


Example. Ei = 100 per cent or 1.00 

Ez = 90 per cent or 0.90. 

. 0.58X1.0X0.9 

Voltage N to ground =- 


5.2 


That is, there will be a voltage, from Y neutral to ground 5.2 times 
the high-voltage line voltage. - 

The maximum possible stress to ground on the low-voltage lines, 
B and C, is limited to the high-voltage line voltage, and occurs when 
the high and low line voltages are very nearly alike. 

It follows from the above discussion that it is inadvisable to operate 
a Y bank of auto-transformers isolated on a grounded system, because 

a ground on the secondary (load) lines 
may invert one leg voltage, overexcite the 
units, and produce a very high voltage 
from the neutral to ground. The condi¬ 
tion that makes auto-transformers most 
economical and therefore desirable, i.e., 
ratio of high and low voltages near unity, 
is also the condition that makes these 
voltage stresses maximum. 

The foregoing conclusion about abnor¬ 
mal voltage stresses applies only to the 
Y connection. Various delta connections, 
such as delta-delta (Fig. 8, p. 245), open- 
delta (Fig. 10, p. 246), extended-delta 
(Fig. 9, p. 246), take an excessive short- 
circuit current instead of a high-voltage 
stress under similar conditions of line grounds. Thus, referring to 
Fig. 6a, the potential of a can never exceed that of x, neither can that 
of c exceed that of s, nor that of b exceed that of y, under any condi¬ 
tions. If a ground occurs on one of the secondary lines as at volt¬ 
age n-x is impressed on a-Aj the potential of A is now zero; that of a 
the same as before; that of c must always remain the same as that of 
z\ and the voltage diagram must be as shown in Fig. 6 b. A short- 



Fig. 6.—Voltage Distortion 
in Extended Delta Auto- 
transformer Connection, a. 
Normal. b. Voltage distor¬ 
tion due to line fault at A. 
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circuit current flows in A-a returning through ground and generator 
phase n-Xj and in A-c returning through the generator phase z-n-x. 

The overexcitation of the units in Y connection under conditions 
described above may also result in very heavy exciting currents, owing 
lo the saturation of the core, but the limiting features with them are 
the excessive voltage stresses. 

Objectionable third-harmonic voltage intensification may also take 
place, since the series winding tends to change the capacitance of the 
isolated side, the current returning through the grounded side. 

Transient Inversion. Three-phase core-type transformers may be 
used without providing a tertiary delta, as the core functions in a 
manner quite similar to a high-reactance delta-connected tertiary wind¬ 
ing. However, the interlinked magnetic circuit may not adequately 
protect from the danger of transient inversion, especially for very 
nbrupt line surges, because the effective reactance of the interlinked 
magnetic structure may be sufficient to render it effective only for 
relatively slow transients. Ample protection from transient inversion 
may be obtained by connecting a lightning arrester or a thyrite by¬ 
pass between auto-transformer neutral and ground. 

CASE IV. AUTO-TRANSFORMER NEUTRAL GROUNDED, SYSTEM 
NEUTRAL ISOLATED 

(a) Single-phase or three-phase Y-connected units are not recom- 
nu'nded on account of the possibility of dangerous third-harmonic 
iiil(Misification. 

(b) Both three-phase core-type units and single-phase units equip- 
p<‘(l with tertiary delta (even though a small high-reactance delta wind¬ 
ing is used) may be considered entirely safe from this danger. Further¬ 
more, the grounding of the auto-transformer neutral definitely elim- 
iiintes neutral inversion at any frequency. 

(r) As the auto-transformer grounds the neutral of an otherwise 
isolated system, it becomes a grounding device. See Chapter 7, p. 198. 

Effect of Line Ground. Without a delta winding, this scheme of 
operation will not entirely protect the low-voltage system from over¬ 
voltages, but will limit the possible normal-frequency overvoltage 
to the low-voltage line voltage in case of line grounds, as in isolated 
systems. The unshorted legs then become overexcited 73 per cent. To 
pi evtMit the overexcitation of the auto-transformer and the increase in 
pob'iitial stress to ground due to line grounds, a tertiary-delta winding 
nhould be necessary, capable of drawing such a short-circuit current as 
will remove from the primary lines the voltage of the short-circuited 
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phase* The reactance and kv-a. capacity of the tertiary winding will 
therefore be a function of the reactance and kv-a. capacity of the 
generating system (not of the auto-transformer), and may therefore 
have to be uneconomically large. The magnetic interlinkage of the 
three phases of three-phase, core-type units is equivalent to a high- 
reactance tertiary and does not help much towards short-circuiting 
the overexcitation. 

Grounding the neutral of an auto-transformer effectively protects 
the bank and the low-voltage system from abnormal voltages that 
might otherwise be produced by the high-voltage line grounds. It does 
not fix the system neutral, however, and a ground on either the high- 

or the low-voltage lines, as at ^ or X 
(Fig. 7), increases the line insulation 
stress 73 per cent. The leg on the lines of 
which the ground occurs becomes short- 
circuited, and its voltage collapses; and 
the other legs receive open-delta exci¬ 
tation at line voltage which is 73 per cent 
higher than their normal voltage. The 
short circuiting of one leg in this way does 
not result in any short-circuit current, 
except that it is likely to result in a high 
magnetizing current almost comparable to short-circuit current at 73 
per cent overexcitation of the core. ’ In core-type three-phase units, 
owing to the magnetic interlinkage of the three legs, the short circuit 
in one leg will also draw a heavy current in the other legs. 

It may be evident from this discussion that the grounding of the 
neutral of a Y bank of auto-transformers on an isolated system limits 
the voltage rises to the same values that would occur with Y—^Y con¬ 
nected transformers; and that it prevents those voltage rises that are 
characteristic of auto-transformers alone, as discussed under Case II. 

Third-Harmonic Characteristics. With all Y-connected auto¬ 
transformers having no tertiary-delta winding, with the exception of 
the three-legged, three-phase, core-type units, large third-harmonic 
voltages may be produced by resonance between the third-harmonic 
magnetizing reactance of the auto-transformer and the line capaci¬ 
tance, at normal operation, limited only by saturation and losses, and, 
therefore, a delta connection must be provided to circulate the neces¬ 
sary third-harmonic magnetizing current and prevent resonance. 
Without a delta winding, third-harmonic resonance takes place when 
the charging current of the lines at normal voltage and frequency is 
approximately two-thirds of the third-harmonic inaguetizing current 


Fig. 7. —Voltage Distortion 
in Auto-transformer Due to 
Line Fault. Auto-transform¬ 
er Neutral Grounded, Sys¬ 
tem Neutral Isolated. 
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of the unit at normal voltage and frequency. Theoretically, resonance 
is possible even when a tertiary-delta winding is provided, but a delta 
winding protects from third-harmonic overvoltages in two ways: first, 
by partially short-circuiting the normal induced third-harmonic volt¬ 
age it reduces the third-harmonic voltage at the transformer terminals 
lo a small fraction of its original value; and, second, by lowering the 
effective internal reactance of the unit to the flow of third-harmonic 
currents, it reduces the value of X/X, the ratio of voltage amplifica¬ 
tion by resonance. 

Although a high-reactance, small-capacity, tertiary winding may 
[irotect the apparatus from dangerous third-harmonic voltages it may 
yet allow considerable third-harmonic currents to flow into the lines 
;ind ground returning through the line to ground capacitance, sup- 
I )()rted by parallel resonance between line capacitance and transformer 
leakage reactance. Tertiary reactance should therefore be as moderate 
as short-circuit and economical considerations permit. If complete 
elimination of third-harmonic currents from the lines and ground is 
desired, the delta winding must completely shield the auto-transformer 
windings from the third-harmonic fluxes: in terms of three-circuit 
iheory, the individual reactance of the delta winding with respect to 
(lie core and auto-transformer windings must be zero or negligible 
compared with the reactances of the core and auto-transformer wind¬ 
ings. In terms of design, this means that the delta winding must be 
next to the core, and cover the entire core (legs and yokes) as far as 
possible. 

As in Case I, tertiary-delta windings should be recommended for 
Y-connected units, unless it be known that no telephone interference 
will be experienced. 

I n an isolated bank, only the third-harmonic voltage of the series 
winding affects the lines: but when the neutral is grounded the third- 
liiirmonic voltage of the full winding is active on the high-voltage lines 
. 111(1 tliat of the “common” or “shunt” winding on the low-voltage 
liiu's, thus increasing the insulation stresses by about 50 per cent. This 
ill ilself would not be very serious, because the normal stress from line 
Id ground is only 57 per cent of the line voltage and, with the third¬ 
ly nnonic added directly, amounts to about 87 per cent of the line 
volliigc — considerable but not serious, since all insulation is tested at 
iinl less than double line voltage plus 1000 volts. However, in addition 
(o (his stress, there is danger of the third-harmonic voltage being 
r\c(‘ssively intensified by resonance between the condensive reactance 
oi (he lines and the magnetizing reactance of the auto-transformer. 

U(‘sonance peak for third harmonics would occur when the third- 
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harmonic charging current of the lines to ground at half voltage would 
equal the required third-harmonic magnetizing current of the auto¬ 
transformer, or, in terms *of normal frequency, when the normal-fre¬ 
quency charging current of the lines is about one-half the normal-fre¬ 
quency exciting current of the auto-transformer. Obviously, this 
condition may easily occur on moderate voltage and moderate length 
lines. Damage may also result, of course, even from partial resonance. 
The fact that the capacitance of a system is too large to be resonant 
is not sufficient assurance against trouble, because there is always the 
possibility of disconnecting some sections of the system and leaving on 
a resonant or partially resonant section. Furthermore, owing to 
varying inductance with saturation, partial resonance may take place 
over a wider range of circuit constants. 

As discussed earlier, there is always danger of third-harmonic 
resonance (without line grounds) unless the auto-transformer is 
equipped with a tertiary-delta winding. Line grounds, of course, short- 
circuit the third-harmonic as well as the normal-frequency voltage of 
the grounded legs. The ungrounded legs operate in open delta, and 
their third-harmonic currents will therefore flow freely into the gener¬ 
ator. The bank, even though overexcited, will show no appreciable 
third-harmonic voltage during this transient condition. 

Conclusions on Third Harmonics. In view of the foregoing dis¬ 
cussion, it may be obvious that the use of Y-connected auto-transform¬ 
ers is inadvisable, unless provision is- made to keep their third-har¬ 
monic currents and voltages out of the lines. This is best accomplished 
by providing a tertiary-delta winding. Other considerations besides 
third harmonics require that the delta winding have a capacity many 
times larger than the third-harmonic burden, but usually sufficient 
other use can be found for the tertiary winding to justify the additional 
investment. 

If the auto-transformer is located very close to the grounded neutral 
of the system, it might be permissible to omit the tertiary-delta wind¬ 
ing, but then the safety of both auto-transformer and connected appa¬ 
ratus is made dependent on the permanence of the system ground. 
Furthermore, if the system ground is made through an impedance, its 
protective value is greatly reduced. The aim should be, preferably, 
to make the auto-transformer self-protective from third-harmonic 
troubles by providing a properly designed, effective, tertiary-delta 
winding. Good engineering require even three-legged three-phase 
core-type units to be equipped with adequate tertiary-delta windings, 
to keep their third-harmonic currents out of the lines and avoid pos¬ 
sible telephone interference. 
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Finally, we may consider the case in which the auto-transformer 
goes on a system which is grounded through appreciable impedance so 
that the system neutral cannot be expected to be perfectly stable. To 
ground the auto-transformer solidly under such circumstances may 
put an undue normal-frequency strain on the by-pass arrester by a 
shift of the system neutral and large overexcitation of one or more legs. 
To ground the auto-transformer neutral through thy rite would tend 
to invert the normal-frequency neutral of the auto-transformer and 
force the thyrite to stabilize this, which might lead to the overheating 
of the thyrite. Both the by-pass arrester and the thyrite are intended 
for transient voltages, not for commercial frequency stabilization. The 
problem is solved by equipping the auto-transformer with a tertiary- 
delta winding of a low enough impedance to prevent low-frequency 
inversion of the auto-transformer neutral, and by providing adequate 
protection against transient inversion. In general an auto-trans¬ 
former equipped with a low-impedance tertiary together with adequate 
protection against transients is satisfactory on any kind of a system. 

It will be seen that an auto-transformer equipped with a low- 
impedance tertiary, thyrite, and by-pass arrester would be satisfactory 
on any kind of a system. However, on circuits which are definitely 
isf)lated or solidly grounded, the cost of the tertiary winding may be 
saved, if desired, by the appropriate system of connection and opera- 
I ion as discussed above in connection with each case. 


















CHAPTER XVII 


TRANSIENT VOLTAGE CHARACTERISTICS 
OF TRANSFORMERS 

By L. F. Blume 

A clear understanding of the nature of the transient electromagnetic 
phenomena such as surges, traveling waves and oscillations, that occur 
within transformer windings is best obtained by examining the trans¬ 
former winding from several points of view. First, we can assume 
that it is a transmission line and that the electromagnetic wave moves 
along within the transformer just as in a high-voltage line. Then, with 
closer examination we may determine the essential differences which 
exist between the two, and whether these differences are fundamental 
or merely incidental. Second, we may consider the low-frequency 
properties of a transformer and determine how tliey are modified as 
the frequency of impressed voltage is gradually increased. Thirds 
the transformer may be considered primarily as a dielectric field under 
stress. 

The examination of each of these viewpoints will help to give a clear 
idea of how the ordinary transformer reacts under transient electro¬ 
magnetic stresses and how the raagnitude and distribution of these 
stresses may be controlled by the transformer designer. 

The Transformer Compared to a Transmission Line. In the early 
» attempts to visualize and to evaluate quantitatively transient phe¬ 
nomena in a transformer, it was assumed that the transformer winding 
did not differ niaterially from the transmission line, a transmission line 
mounted on an iron core instead of on poles, with an equivalent circuit 
representation the same as that of a transmission line (Fig. 1). The 
essential feature of Fig. 1 is series inductance and shunt capacitance 
—two irreducible minimum requirements to make wave phenomena 
possible. A transformer winding does possess series inductance and 
shunt capacitance, and thus has the qualifications essential for wave 
phenomena. Quite naturally it was assumed that traveling waves on 
the lines, on reaching tlie transformer, entered the winding and traveled 
along the conductor from turn to turn, from one end of the winding to 
the other. According to this conception, if the length of the wave front 
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^^an the length of a turn, the full voltage of the entering wave 
ncentrated across the first and second turns. This point of 
be inadequate for three reasons. 

^ansformer winding, in addition to its capacitance to 
ither parts, possesses an internal capacitance, that is, 
ii >m turn to turn and from coil to coil, which, by virtue 

of it relative to the inductance of the winding, reacts in 

II Vi ^lent manner from the external capacitance and profoundly 

modules the electromagnetic phenomena. 

In other words, two kinds of capacitances must be carefully dis- 


fTTTri, 

T T T T I I^^' 


Ground 



Core Tank and L V. Winding 


Fig. 1. —Transmis¬ 
sion Line Equiva¬ 
lent. 


Fig. 2. —Idealized Transformer Winding 
(Applicable especially to the Concentric 
Disc Type shown in Fig. 12). 


ffiDXi' 


Fig. 3. —Trans¬ 

former Winding in 
which Capacitance 
to Ground is Neg¬ 
ligible. 


_1 G. 

- I I I I 1^9 

j////' n r /;/;/}// W 

Core Tank and L V. Winding 

F IG. 4.—Idealized 

Transformer Winding 
when Impressed Volt¬ 
age Transients Result 
in Negligible Inductive 
Currents. 


I',(|iiival(‘nt Circuits of Idealized Transformer Winding. L ~ Series Inductance: 
f i; ('ajiacitance line to ground, or transformer winding to core, tank or other 
winding; Cs = Internal capacitance of transformer winding. 


IiiiKiiislied — an exterior capacitance, that is, from winding to ground 
iiiid oilier parts, and, second, an interior capacitance, that is, between 
|Mi (s of tlie same winding; the former is essentially the same as the 
t .ip.K'ilaiu'e in a transmission line, but the latter does not exist at all in 
(I 1 1 iiiismission line. By virtue of the capacitance to ground, character- 
iMlies similar to the transmission line are introduced into the trans- 
loimor winding, but, on account of interior capacitance, the winding 
|mimscss(‘s ('baracteristics which are essentially different from the 
pln'iiomena nn lines. Dicigrammatically, this circuit arrangement is 
ifprosonli'd in its simplest form in Fig. 2, and a glance at it will show 
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that a wave does not have to travel the entire length of the conductor 
which constitutes the wiijding to reach the far end, but can take a 
short-cut path only a few feet long by flowing through the capacitance 
of the dielectric between turns and coils represented by This fact 
profoundly modifies the wave phenomena within a transformer. 

A second difference lies in the fact that, though inductance and 
capacitance of a transmission line can be expressed in terms of any 
long or short element of conductor, in the transformer, the conductor 
and its elements lose their significance, and the coil becomes the funda¬ 
mental unit, the circuit capacitance and inductance being expressed 
in terms of coils, as per coil, or per unit length of coil stack. This, of 
course, is a direct consequence of the fact that a transmission line 
(for the purpose of the present discussion) may be considered as a 
perfectly uniform continuous structure, whereas a transformer, on 
account of the discontinuities between coils, has to be considered not 
a uniform repetition of turns, but rather a uniform repetition of coils. 
This obviously affects the calculation of the capacitance and induct¬ 
ance per unit element of winding. 

A third important difference between transformer winding and 
transmission line lies in the fact that, owing to the mutual inductance 
between coils, the inductance of two adjacent coils in series is not twice 
the inductance of one coil, and hence waves of different length encounter 
different inductance values in a transformer. 

It is also important to appreciate that, whereas Fig. 1 is a typical 
diagram of the transmission line, in that it is closely equivalent to any 
uniform long transmission line. Fig. 2 cannot be considered to the 
same degree as typical of any tr^sformer winding. Instead of being 
typical, it is rather a simplified or idealized transformer winding, 
represented best by a single-layer solenoid. Several examples of the 
practical departure from the ideal are worthy of consideration. 

(a) The primitive arrangement of forming the winding terminal 
by simply allowing the conductor to project at the ends of the wind¬ 
ing and connecting to the outgoing bushing results in a reduction or 
tapering of both capacitances at the two terminals. The ideally 
uniformly distributed capacitances as shown in Fig. 2 are not exactly 
equivalent then, (b) The practice of adding extra turn insulation at 
the line ends of the winding in high-voltage designs, by reducing the 
number of turns and separating the coils, also tends to increase the 
attenuation of the terminal capacitances so that the capacitance dis¬ 
tribution becomes non-uniform, (c) Interleaved windings, particularly, 
constitute gross departures from the ideally simple struclure of Mg. 2: 
at each coil section facing a low-voltage group, the capacitance to 
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ground is abruptly increased, while the capacitance to the coil ahead is 
reduced. 

These departures from a uniform distribution of capacitances (and 
inductances) not only greatly complicate the phenomenon, but also in 
many cases so affect its nature that the ideally simple arrangement of 
I'ig. 2 cannot be considered even approximately equivalent. 

However, in spite of the many departures from the ideal which 
1 liaracterize many transformer windings, a thorough study of the 
simple uniform arrangement of Fig. 2 is warranted, not only because 
il is amenable to mathematical treatment, but also because there 
('\ists a growing tendency, at least in high-voltage designs, to modify 
transformer structures so as to make them correspond more closely to 
this ideal. Furthermore, a thorough understanding of the behavior 
of the simplified arrangements enables one to estimate the effect of 
various departures from uniformity. 

It may be evident that the relative values of the internal and 
external capacitances are an extremely important consideration, for, 
if the internal capacitance is very small as compared with the 
external capacitance Cg, its influence will be negligible and the circuit 
will be reduced to that of Fig. 1, or the transmission line. On the other 
li.'Mid, if the external capacitance is made so small that its influence is 
iii gligible, the equivalent circuit simplifies to that shown in Fig. 3. 
As this circuit is also a limiting condition of the general arrangement, 
i I s reaction to electromagnetic disturbances deserves some comments. 
'riu‘ essential fact of this circuit is that the electrostatic phenomena in 
t Ik‘ capacitance branch are entirely independent of the electro- 
m;ignetic phenomena in the inductance branch and no interchange 
n| I'urrent takes place between the two branches, so long as both 
1 )i a iK'hes are uniform throughout. The charging currents flowing in the 
( apacitance branch are entirely independent of the magnetizing cur- 
I('llIs flowing in the inductive branch; as this is true no matter what 
I lie nature of the applied electromagnetic wave may be, a uniform 
(lisiribiition of voltage is maintained for all types of disturbances. It 
is evident that from the standpoint of electromagnetic transients the 
.11 laiigement shown in Fig. 3 is ideal. 

Ill ('oiitrast with this, the other limiting condition, shown in Fig. 1, 

I lie t'(|uivalent circuit of the transmission line, is very bad indeed. 
( liarging currents required by the capacitance from the interior of the 
winding to ground must, by necessity, flow through a considerable por- 
lioii of ( he windings, and thus a disturbing interaction takes place be- 
Uveen the capacitive and inductive branches, no matter what the 
ii.iliire of the impressed electromagnetic wave may be. 
















438 TRANSIENT VOLTAGE CHARACTERISTICS OF TRANSFORMERS 


Low-Frequency Characteristics. Approaching now the problem 
from our knowledge of the low-frequency characteristic of the trans¬ 
former, a clear idea of the behavior of a transformer can be obtained 
by gradually increasing the frequency of the applied voltage. 

For the purpose of illustration, the following rough table has been 
prepared which compares the magnetizing current of a winding with 
its capacitance current for various impressed frequencies. 


Frequency 

Magnetizing Current* 

Capacitance Current f 

60 

5.0 

0.0001 

600 

0.5 

0.001 

6000 

0.05 

0.01 

60000 

0.005 

0.1 

600000 

0.0P05 

1.0 


* As the purpose of this tabulation is only illustrative, the departure of the magnetization curve from a 
straight line is here ignored. 

t This table assumes that the voltage distribution remains constant throughout the frequency range. 
Actually, however, at the higher frequencies the charging current is considerably less than the values given, 
owing to the fact that the voltage distribution becomes hyperbolic. 


At fundamental frequency (60 cycles), the magnetizing current is 
50,000 times the charging current to ground. It is quite evident that 
the influence of the capacitance is entirely negligible. The table shows 

how their relative value changes with 
increasing frequency, assuming that 
the voltage distribution remains un¬ 
changed. It is evident that, for fre¬ 
quencies above a few thousand cycles, 
the charging current no longer is 
negligible, compared with the mag¬ 
netizing current, and its influence 
must therefore be considered: the 
transformer can no longer be regarded 
as a concentrated, pure inductance, 
free from capacitance effect. At a fre¬ 
quency somewhat above 6000 cycles, 
the charging current becomes greater 
than the magnetizing current. The 
distribution of this current through-, 
out the winding is given in Fig, 5 
(curve h). Its value is maximum at the line end, and progressively 
diminishes towards the interior of the winding, as shown in the curve. 
This current, combined with normal magnetizing currents, gives a 
resultant magnetizing current in the windings shown in curve c, and 



Fig. 5. —Magnetizing Current Dis¬ 
tribution within Transformer 
Winding—for Below Resonant 
Frequencies, 
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it is this resultant current which actually determines the flux dis- 
t ribution in the transformer. 

The important point to note is that the effect of charging current is 
lo diminish and reverse the resultant magnetizing current flowing in 
(lie windings toward the line end. This reversal of current at the line 
end results in gross voltage distortion. The method of analysis breaks 
down as it was based on the assumption of uniform voltage distribu¬ 
tion. As the change from uniform to non-uniform voltage distribution 
is due to the non-uniform current distribution in the turns, it becomes 
evident that any arrangement which effectively maintains a uniform 
distribution of current throughout the winding will, at the same time, 
result in a uniform distribution of voltage. 

Transformer Considered as a Pure Capacitance.—^At very high 
IVt'quencies, as for example 600,000 and above, the magnetizing current 
Ix'comes quite negligible as compared with the charging current. We 
i'lui then assume that the inductive effect may be neglected, the trans¬ 
former reacts as a pure capacitance or as a pure dielectric, and the 
resulting equivalent circuit reduces to that shown in Fig. 4. Under 
I his condition the voltage distribution is given in Figs. 6 and 7, and 
I li(‘ formulas for the voltage to ground at any point along the stack are: 

For isolated neutral: 


cosh ax 

Cx I El 

cosh a 

l"or grounded neutral: 

sinh ax 

Cx = - ■ ■ , E 
sinh a 

vvIuM'c 



where x = distance along the coil stack. 

Cx = voltage to ground at point x. 

Q = capacitance of winding to ground. 

= internal capacitance measured from line end to middle of 
winding for isolated windings or to ground end for 
grounded neutral. 

= voltage line terminal to ground. 


I''r(^in the curves it is evident that capacitance to ground is respon- 
hibh' for the non-uniform voltage distribution, for the greater the value 
of tv, (he greater the concentration of voltage at the line end and the 
ninall(‘r the voltage in the interior of the winding. The maximum 
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voltage concentration at the line end is numerically equal to a times 
the value of voltage corresponding to uniform distribution. In ordi¬ 
nary transformers, i.e., those not designed with special regard to the 
reduction of a, its value may be an 3 rwhere between 5 and 30. Inspec¬ 
tion of the curves show that for values of cl in this range there is little 
difference in concentration whether the neutral is grounded or isolated. 



Line End of Middle of 

Winding Winding 

Fig. 6. —Hyperbolic Voltage Distribution within Transformer Winding, Neutral 

Isola1;ed. 


* General Solution of the Equivalent Transformer N etworki 
Fig. 2. The foregoing equation for can be extended to the steady 
state voltages of Fig. 2 for harmonic waves, if the circuit elements are 
properly introduced into the equation. Accordingly, a is modified 
to include the inductance of the winding and is now represented by a 
new symbol. 

cosh Bx „ 

Cx = -r— E 

where ^ 


/3 = 


Ca 


C. - 


1 


47r2/2L 


*For simplicity the analysis in this paragraph neglects the effect of mutual 
inductance. Taken into account, this very appreciably alters the frequency rang# 
within which the winding may oscillate. 
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Tile latter equation shows that when the value of Ca = the 

value of j3 becomes infinity; indicating a transition value for the 
phenomena. If Cs is greater than this value, is a real number and 
I he distribution of the effective value of the harmonic voltages is 
hyperbolic, similar to the curves of Fig. 6 and Fig. 7. That is, the 



Line End of Grounded End of 

Winding Winding 

I' iGh 7. — Hypberbolic Voltage Distribution within Transformer Winding, Neutral 

Grounded. 


iiclwork behaves as a pure capacitance network like Fig, 4. If Ca is 
I(‘SH than this value, 13 is an imaginary number, and the equation for 
r, b(*('()mes 

Cos Pox _ 

/l(i inoaiiing without its The distribution of the effective voltages 
I hen trigonometric, and the phenomena are oscillatory. This 
I raiiHition value is shown in Fig, 8 by the curve of jS = oo : for frequen- 
ricH above this curve, all distributions are hyperbolic; below it, trigo- 
iioiuetric. 
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In the trigonometric range, there are many frequencies for which 
the network is resonant. The lowest resonance frequency correspond! 
to ^ = Tvj, the highest to , and the intermediate ones to 0 = 2irjf 

Sirjj . . nirjj n being any interger up to infinity. Thus, the resonance 
range of frequencies are included in the shaded range of Fig. 8 between 
i5 = oo and ^ = irj. 

If jS is less than ttj, the distribution is still trigonometric but non¬ 
resonant, and therefore the farther we go below this curve the more 





HaniiCnic 


Firwt Came 


Non - Oscillatory Below This Curue 


DistrMiion miih'm 


T T T T 


-piQ^ 3 ^—The Three Types of Behavior of Transformer Winding, plotted in termi of 
Applied Frequency and Winding. Constants a and 


uniform is the voltage distribution. In the zone below /3 = ttj, the 
phenomena are essentially those of inductance. When 0 = jV/2, the 
voltage distribution is uniform within 21 per cent. 

In the neighborhood of ;8 = xj, the standing wave is a quarter 
wave, low point at the line end, high point at the isolated neutral, the 
height of the high point depending on how closely 0 approaches rj, 
as when p = irj we have resonance and infinite voltage. 

In the neighborhood of /3 = 2xj, the standing wave is a half cycle, 
and resonance takes place at ^ = 2irj-, etc. 
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Example. Assume a transformer with a value of equal to 80. If /3 for this 

I nirisformer is imaginary and equal to tt or greater, it will be in danger of resonance 
lor certain impressed frequencies within the range of 0.3 X 10® cycles to 0.9 X 10® 
t ycles per second. For frequencies above this zone, the distribution will be hyper¬ 
bolic, for frequencies below this zone trigonometric but non-resonant. 

The foregoing general considerations show that the transformer 
may react in three distinct manners, depending upon the frequency or 
nliape of the impressed electromagnetic wave: 

1. As a pure inductance, for relatively low frequencies. 

2. As a pure capacitance, for relatively high frequencies. 

3. Very much like a transmission line for intermediate frequencies. 

In fact, as will be explained in detail later, a transformer may be¬ 
have like each one of these things in quick succession, that is, a trans¬ 
former might behave like a pure capacitance at the beginning of a 
phenomenon, like a tranmission line during most of the phenomenon, 
IIml like a concentrated inductance at the end of the phenomenon. 

Rectangular Waves. According to the chapter on insulation 
roordination of transformers it is evident that the severest voltage 
hiresses to which a transformer insulation is subject, and for which it 
must be designed if failure is to be avoided, are the very abrupt single 
Wiives or impulses resulting from lightning. The front of these waves 
in;iy be sufficiently sheer that its effect on the transformer does not 
iippreciably differ from that of a rectangular wave. As waves due to 
lightning may be so sheer as to rise to maximum value in as short a 
linu' as one microsecond, there is practically no difference, as far as its 
rrf(‘('t on a high-voltage transformer is concerned, between them and 

II si leer wave. Furthermore, the duration of the longer impulses 
(30 to 40 m.s.) may be sufficient to permit at least one oscillation at 
the fundamental frequency of the transformer. 

I n practice these waves may have a variety of shapes, depending 
nijiinly upon the abruptness of the front, the duration of the crest, and 
I hr ;i (ten nation of the tail. A good understanding of the behavior of a 
li.msformer winding to such waves is obtained by considering the 
itMclion of the ideal circuit, Fig. 1, to a sheer rectangular wave hav¬ 
ing a r(‘latively long duration. For such waves, the resulting phenom- 
niin may be divided into three time periods: (a) the initial; (b) the 
liiial; (r) iho transient or intermediate period. 

I nil ially, the transformer reacts as a pure dielectric and the analysis 
gi\'rii above applies. Finally, in the case of isolated neutral the volt¬ 
age r>f (lie winding is brought to a potential twice the value of the 
niigiiial wave with zero current flowing. For the grounded neutral 
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the final condition is a straight line with neutral at ground potential 
and line at twice the voltage of the original wave with the inductive 
current in the winding increasing at a constant rate. For abrupt, short- 
duration impulses, it is immaterial whether the neutral is isolated or 
grounded. 

The transient by which the voltage distribution changes from the 
initial to its final value can be analyzed into a complex series of damped 
oscillations, or standing waves, at various frequencies and wave 



Fig. 9. —Transient Voltage Oscillations within Transformer Winding for a = 10 

Neutral Isolated. 

lengths. An idea of the progression of the phenomena in the interior 
of the winding is given in Fig. 9. 

In addition to being proportional to the value of the impressed 
wave, the amplitude of oscillation for a given harmonic is smaller, 
the higher the harmonic and the smaller the value of a. There is no 
simple relation between wave length and frequency, and on that 
account oscillations cannot take place in the transformer winding 
without distortion. As the oscillations occur simultaneously within the 
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transformer winding, the resultant voltage distribution at any instant 
is obtained by recombining the harmonics at that instant. 

The maximum values of these standing waves are readily obtained 
by analyzing the initial voltage distribution, as given in curves Figs. 6 
and 7, into space harmonics with respect to the final voltage distribu¬ 
tion as axis of reference. Thus we have for a = 10 the following initial 
values of the standing waves. 


Neutral Isolated 

Neutral Grounded 

Wave Length 
on Winding 
n 

Maximum Amplitude 
in Percentage of Line 
to Ground Voltage 
En/Eo 

Wave Length 
on Winding 
n 

Maximum Amplitude 
in Percentage of Line 
to Ground Voltage 
elEa 

1/4 

125% 

1/2 

58% 

3/4 

34% 

2/2 

23% 

5/4 

15% 

ill 

6% 

7/4 

7% 

‘^ll 

4% 

9/4 

3% 

5/2 

3% 


These oscillations at various frequencies occur simultaneously 
within the transformer windings, and the complex wave at a given 
time is obtained by recombining the harmonics at that time (Fig. 9). 

The relation between wave lengths and frequency for « = 10 is 
given in the following table: 


Neutral Isolated 

Neutral Grounded 

Wave Length 

Approximate Relative 
Frequencies 

Wave Length 

Approximate Relative 
Frequencies 

n 

1/4 

1 

n 

1/2 

4 

3/4 

8 

Ijl 

14 

5/4 

20 

Zjl 

28 

7/4 

33 

4/2 

42 

9/4 

47 

512 

56 


I Ills peculiar relation between frequency and wave length is due 
t<i (he presence of coil capacitance and mutual inductance, and causes 
li continual change in the form of the complex wave from instant to 
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instant. This is in marked contrast to the phenomena which taken 
place in the transmission line, where a complex wave of any shape I 
will be propagated without distortion, except for the effect of resist- I 
ance. I 

Maximum Voltage to Ground and Maximum Volts per Turn. The ; 1 
considerations of greatest interest in the phenomena under considera- | 
tion are the maximum voltages to ground and the maximum volts | 
per turn at various points within the windings. These are plotted in 



Fig. 10. —Comparison of Transient Voltage Distribution in Ordinary Transformer 
and in Non-resonating Transformer, Neutral Solidly Grounded. 

Figs. 10 and 11. Of course the maximum values of voltages at the 
various point do not occur at the same instant. 

An inspection of these curves show that, for isolated neutral, the 
maximum voltage to ground occurs at the neutral and is equal to 2.7 
times the voltage from line to ground, and for grounded neutral the 
maximum volts to ground is 1.4 times line-to-ground voltage. The 
volts per turn for isolated neutral is 10 times normal at line end, 4 times 
normal in the major portion of winding, and zero at tlie neutral. With 
neutral grounded it is 10 times normal at line en<l, 5 times normal in 
the major portion of the winding, and 7.5 times normal at the neutral, 
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The threefold division of the phenomena in time corresponds to the 
three areas illustrated in Fig. 8. This change of the phenomena 
through the three types occurs when the duration of the wave is suffi¬ 
cient to permit the oscillations. In those cases of very abridged 
waves in which the duration is also very short on account of either a 
very rapid attenuation, or on account of the wave being cut off by a 
protective device, the transformer reaction may be entirely capacitive 
through the entire duration of the wave. 



I'lG. 11. —Transient Voltage Distribution in Ordinary Transformer, Neutral 

Isolated. 

Influence of Wave Shape. The resulting oscillations within a 
li;insformer winding are considerably modified by departures of the 
imi)ressed wave from the long rectangular wave, for which the previous 
Mnlulion was made. 

1. Slowing up of the wave front decreases the amplitude of oscilla- 
lioit, the reduction being greater for the higher harmonics, and if the 
vviivc front is long enough to eliminate the fundamental all the higher 
li;iimonies become negligible. 

Slowing up of the front of the wave also decreases the voltage 
ronccMitration at the line ends, since the time required for the applied 
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wave to reach its maximum value permits the internal oscillation to 
progress and reduce the intensity of the initial line end concentration. 

2. Shortening the wave tail other than by “chopping” decreases 
the amplitudes, the reduction being greater for the lower harmonics, so 
that the fundamental is the first to be eliminated. 

3. Chopping a wave on the tail, as by abrupt insulator flashover 
or lightning-arrester operation, may increase the amplitudes of a 
number of harmonics, with the possibility of doubling the amplitude of 
any harmonics for which the wave length is an odd multiple of its 
natural period. 

4. The ability of an applied impulse to build up high voltages 
within a winding depends primarily on its duration; for very short 
waves, say one microsecond and less, the transformer reaction is pri¬ 
marily capacitive and the end turns are principally affected. The 
lower harmonics cannot be generated since the time of the applied 
wave is too short; therefore only the higher harmonics are effective 
in building up internal voltage stresses. 

Attenuation within the Transformer Winding. The effect of 
dielectric losses within the transformer winding is to absorb the energy 
of the wave and to dampen the harmonics of the oscillation. They 
therefore tend to reduce the maximum voltage stresses within the 
interior of the winding. Experimental evidence indicates that the 
attenuation in typical high-voltage transformer windings is not 
sufficiently great to reduce the maximum voltage appreciably, and 
therefore the theoretical values may be assumed correct for all prac¬ 
tical purposes. 

Departures of Winding Design from the Ideal. An arrangement of 
coils in a high-voltage winding, which corresponds quite closely to the 
simplified circuit of Fig. 2, is shown in cross section in Fig. 12. The 
coils are all equal and uniformly spaced, and to insure that the uni¬ 
formity extends to the line terminal, a metal plate connected to the 
line end lead, approximately the size of a coil, may be placed at the 
line end. By this means the capacitance from line terminal to the 
first coil is equal to the capacitance from coil to coil. However, a 
simple uniform arrangement of coils as here shown is not always prac¬ 
ticable for a high-voltage transformer on account of the necessity of 
providing adequate insulation at the line terminals to withstand ab¬ 
normal voltage concentration at the line end. Experience with uni¬ 
formly insulated line end turns and coils, which had failed on account 
of voltage concentration due to lightning surges, demonstrated the 
necessity of using extra insulation for the windings at the line ends. 
This is illustrated in Fig. 13. However, since the turns at the line 
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ends are appreciably reduced, and also the spacing between them 
appreciably increased, it is apparent that the coil-to-coil capacitance 
towards the line end is reduced, as well as the number of turns per 
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I' k;. 12.—High Voltage Transformer 
Winding, with uniformly spaced coils 
nnd static plate, resulting in unl¬ 
it »nn constants throughout winding. 
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Fig. 13.—High Voltage Transformer 
Winding with static plate and 
extra end turn insulation, resulting 
in attenuated constants at line ends 
of winding. 


iiiiil of stack length. Both these modifications in design react upon 
lli(‘ voltage transient so that the end turn concentration of voltage 
(urn to turn and coil to coil will be appreciably greater than in Fig. 12. 








































































































































In other words, extra end turn insulation results in an increase 1 q: 
voltage concentration and therefore care must be taken by the designer '■ 
to be sure that the increase in dielectric strength is greater than the 
increase in the voltage concentration. 

Static Plate. The static plate consists of a continuous conductin||| 
surface with rounded edges, placed adjacent to the line coil of thW 
winding and connected electrically to the line. Its general shape and 
dimensions are usually about the same as those of the end coils. Such 
a device has been used for many years for the purpose of reducing thij 
concentration of the initial voltage due to steep wave fronts on the line 
end of the winding. It does this by virtue of its relatively large surface, 
as contrasted with that of one turn, thus changing the electrostatic 
distribution set up by the front of the wave. Without the use of the 
plate the voltage concentration on the end coil is increased not only 
from turn to turn, but also from the first to the second coil. Thev 
importance of the static plate is greater for relatively wide coils. In ' 
coils which are relatively narrow as compared with the length of the 
winding, such as in Fig, 12 or Fig. 13, the static plate may not very 
appreciably influence the voltage concentration at the line end. 

Considerable care must be exercised in the use of a static plate on 
account of the fact that under certain conditions it may function as A 
shunt capacitance which protects the line coils from voltage concen- 
tration, but permits the voltage wave to pass into the interior winding 
and cause breakdowns where the insulation is inadequate. In other 
words, the static plate may simply shift the point at which maximunl 
stress or breakdown takes place from the end coils towards the interior. 

Shielding. From the previous theoretical considerations, it is 
evident that the chief disturbing factor, on account of which gross 
inequalities of transient voltage distribution result, is capacitance of 
winding to ground. Therefore, a reduction of ground capacitance 
‘results in a reduction in voltage concentration. And again, it is reason¬ 
able to conclude that, if ground capacitance is eliminated altogether, or 
its effect neutralized, then voltage concentration is entirely avoided. 
This highly desirable result is accomplished in the shielded winding, 
One arrangement of shielding is shown in Fig. 14, in which the coils 
are concentric cylinders connected in series so that one high-voltage 
terminal is on the inside and the other on the outside of the winding, as 
shown. Both high-voltage terminals are connected to cylindrical 
metal plates, arranged concentric with the coils. By means of these 
plates, connected to the line terminals of concentric coils, the effect 
of ground capacitance on the turns and coils is so greatly reduced as to 
become negligible. The only capacitance that need be considered in 
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estimating their influence on electrostatic voltage distribution is that 
between static plate and end coils and capacitance between adjacent 
t oils. By spacing the individual coils so that the voltage gradient 
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14.—Method of Shielding 
('oiK'cntric High Voltage 
Winding to obtain a Non- 
Resonating Transformer. 


Fig. 15.—Method of Shielding a High 
Voltage Transformer Winding by a 
Graduated Shield, which functions to 
neutralize influence of capacitance 
currents flowing between high voltage 
and low voltage windings. 


I roiii coil to coil as determined solely from electrostatic considerations is 
Mibstuiilially the same as the voltage distribution as determined from 
(on,sidel ing the winding as solely an inductance, there results a coil 
Hlriicturc which is entirely free from voltage concentration or internal 
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oscillations under all abnormal conditions. The initial voltage dis¬ 
tribution for abrupt transient voltages, being determined solely by 
the capacitances of the several coils to each other and to the static 
plate or shield, becomes substantially uniform throughout the coil 
structure; and since the normal inductive voltage distribution is also 
substantially uniform, there exists no cause for a transient oscillation. 

This type of shielding is suitable only when the surfaces of the 
first and last coils are relatively large, as when the windings are made 
up of concentric coils; but, conversely, when the coil surface is rela¬ 
tively small compared with the total surface area of the coil edges, as 
when the winding is composed of a large number of parallel discs, as in 
Fig. 12 or 13, it cannot be easily applied. 

The basic principle of the shielded winding may be stated rather 
simply, thus. The winding should be designed so that, under all condi¬ 
tions of operation and for all abnormal conditions, no electrostatic 
charging current will be flowing in the turns in any portion of the wind¬ 
ing. This condition is obtainable in a transformer winding having 
one end solidly grounded, by enveloping the winding with a metal 
shield (Fig. 15), electrically connected to the line end and spaced so 
that, at any point along, the coil stack, the electrostatic charging cur¬ 
rent flowing from the shield to the high-voltage winding is equal to the 
electrostatic charging current flowing from the high-voltage winding 
to the low-voltage winding, core, and tank. The shield which supplies 
the various elements of the winding, and which is connected to the line 
terminal, must be carefully proportioned and spaced, and must also 
be thoroughly insulated from ground and winding. 

The effectiveness of shielding in reducing the abnormal voltage 
stresses within the transformer winding is illustrated in Fig. 10, which 
gives the voltage distribution, first for the unshielded transformer, as 
shown in cross section in Fig. 12, and second for the shielded trans¬ 
former, as shown in cross section either in Fig. 14 or 15. These curves 
show that the line end turn to turn and coil to coil stresses are greatly 
reduced by the shield, the reduction amounting to as much as 20 to 1 . 
This improvement can be utilized in two ways. First, it may be used 
entirely to increase the factor of safety in the impulse strength between 
turns and between coils. Second, advantage may be taken of the 
improvement in decreasing the turn and coil to coil insulation, keeping 
the factor of safety the same. Both advantages may be secured in the 
same design by only partly decreasing the turn and coil to coil insula¬ 
tion and thus obtain an increase in copper space factor, together with 
an increase in the insulation safety factor. 

A further examination of the curves in h'ig. 10 shows that the 
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voltage stresses to ground caused by oscillations within the windings 
are greatly reduced. The amount of reduction varies for a given de¬ 
sign, the reduction being zero at the line end and increasing as the 
grounded neutral is approached. Advantage may be taken of this 
reduction in stresses when the high-voltage neutral is grounded, by 
reducing the major insulation of the winding (insulation high-voltage 
winding to ground and between high-voltage and low-voltage wind¬ 
ings). 

The principle of shielding has not been applied to any extent to 
interleaved windings on account of the difficulties introduced by the 
fact that the winding is broken into groups. When low-voltage coils 
are interleaved with the high-voltage coils, a major increase in effective 
ground capacitance results, as the low-voltage winding may be con¬ 
sidered as equivalent to ground. It is difficult to eliminate or neutralize 
the influence of this capacitance. In such designs partial shielding 
may be effectively used on the line end coils by shield or static plate, 
substantially as previously described. 

On account of its theoretical simplicity, the shielded design, giving 
a linear or uniform voltage distribution, has been described. Adequate 
sliielding does not always necessarily involve going to this extreme. 
A large, and in many cases a sufficient, reduction in abnormal voltage 
stresses is obtainable by using shields for which the internal voltage 
<Iistribution departs appreciably from the linear type, but in which this 
departure is insufficient to produce a large increase in voltage concen¬ 
tration. 

The importance of shielding depends upon the nature and intensity 
of the abnormal voltages to which the transformer is exposed. 

Past experience indicates (a) that the most dangerous abnormal 
voltages to which a transformer may be subjected in service are caused 
l>y lightning, and {b) that the insulation of the line to which the trans¬ 
former is connected and the characteristics of the protective devices 
nil ployed determine the maximum value of the abnormal voltage 
impressed on the transformer terminals. It is obvious that the trans¬ 
former must be capable, with adequate margin of safety, of withstand¬ 
ing this voltage and the internal voltage stresses resulting from the 
pnu'lration of the voltage wave into the interior of the winding. 

Vhe preceding theoretical discussion revealed the important fact 
lliiil the resulting voltage stresses to which a transformer will be 
fdibjcct depends not only upon the maximum impressed abnormal 
\oIlagc but also upon the shape of the impressed voltage wave. Wide 
varieties of wave shapes have been recorded, and the transformer 
designer must be sure that the insulation throughout the winding is 
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provided with a sufficient factor of safety to withstand any shape of 
wave which may occur in practice. This wide variety of possible 
wave shapes greatly increases the difficulty of estimating the resulting 
internal voltage stresses to which a typical unshielded transformer will 
be subjected. 

With the accumulation of detailed knowledge of transient phe¬ 
nomena within transformers, resulting from impulses originating in 
lightning, and with the realization of the difficulty of predicting exactly 
how an ordinary transformer behaves when subjected to these im¬ 
pulses, the principle of shielding became attractive to the theoretical 
designer, on account of the fact that the voltage stresses distributed 
within the windings for all shapes of voltage transients, in such 
designs, are readily determinable. For by using the shielded construc¬ 
tion it becomes possible to know definitely all the resulting insula¬ 
tion stresses throughout the transformer winding for any wave shape, 
provided only that the maximum value of the impressed impulse 
voltage wave is known. 

Nevertheless, this general argument favoring the adoption of the 
shielded windings is greatly strengthened for those designs in which 
appreciable economies are achieved. This very practical considera¬ 
tion exists in those transformers in which the cost of the insulation,. 
together with the cost of the space it occupies, is a relatively large 
proportion of the cost of the transformer, i.e., in high-voltage designs. 
By reducing the volume of major insulatioir, a smaller and more effi^ 
dent and less expensive transformer results. This is especially true 
where one terminal of a transformer winding is solidly grounded, as in 
three-phase grounded neutral operations, for then a large reduction in * 
major insulation is made possible by the use of the shield. 

On the other hand, in low-voltage power transformers, the major 
insulation and the internal insulation do not represent so great a rela- 
tive cost. In this class, the amount of insulation used and the space It 
occupies are often determined by thermal and mechanical considera¬ 
tions, and for these reasons, it becomes impracticable to reduce coll 
dimensions appreciably, even though the stresses are greatly reduced 
by shielding. This fact may be stated somewhat differently. Tht 
internal coil insulation, generally provided in the lower-voltage designi v 
for thermal and mechanical considerations, possesses ordinarily an ' 
insulation safety factor so great that abnormal voltages, even when 
they very greatly exceed normal values, do not constitute a hazard ta 
the transformers. As long as it is impracticable to reduce this insula* 
tion, the addition of a shield appears to be unnecessary, although t\ 
further increase in safety factor may be obtained thereby. 
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Between these two classes is a very large middle group comprising 
perhaps the bulk of transformers, in which it is not so simple to deter¬ 
mine the most desirable type. 

In this class the designer may choose between the following four 
types: 

(a) Linear shielding, in which graduated capacitances are used to 
obtain linear, that is, uniform voltage distribution throughout the 
winding for all abnormal voltages. 

(b) Non-linear shielding,' in which graduated capacitances are 
used to obtain a desired initial voltage distribution within the trans¬ 
former winding, and for which the internal oscillation is readily 
determinable. 

(c) In which partial protection is obtained for the winding by the 
addition of capacitance between line and the line coil by means of a 
capacitance plate, (“static plate"). By this means the initial voltage 
distribution of the end coils may be greatly reduced. This method is a 
valuable means of protection provided that its limitations are realized, 
and applied only in the voltage class and to the coil designs to which it 
is suitable. 

(d) In which no attempt is made to use any special means of pro¬ 
tection employing capacitance, but in which adequate insulation 
throughout the winding is provided to withstand all abnormal 
voltages. 

Assuming that the designer has sufficient information which 
])ermits him to predetermine just how much insulation is required 
and how extensive the shielding need be, so that all insulation safety 
factors for the four classes can be theoretically made equal, it would 
seem that the choice of type could preferably be based upon practical 
(‘('onomic considerations. Undoubtedly the future trend will be 
towards the elimination of uncertainties in this predetermination. At 
present, however, only relatively simple transformer coil arrangements 
are susceptible of accurate predetermination. Furthermore, there is 
iiuich still to be learned about the shapes of lightning voltage waves. 

11 appears, therefore, that if, from the economic point of view, the 
H(‘veral designs are equal or approximately so, those designs are to be 
preferred in which the voltage distribution for all conditions is readily 
and accurately determinable, making it possible for the designer to 
pi ovide in all portions of the winding a definite and adequate insula- 
I ion safety factor. 
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CHAPTER XVIII 


INSULATION COORDINATION 
OF TRANSFORMERS 

By V. M. Montsinger 

The term “insulation coordination” means in a broad sense the 
establishment of levels of insulation strength of various pieces of 
apparatus or parts of apparatus on a system so that they are properly 
related to one another and to the voltages to which they may be 
exposed. 

The parts whose relative levels of insulation require consideration 
are transformer windings, transformer bushings, circuit breakers, 
station bus and adjacent portion of the transmission line, “rod gaps” 
at the station, and finally, protective devices such as lightning arresters. 

Though simple in theory, successful application of insulation coor¬ 
dination has required years of research, both in the laboratory and in 
the field, for, obviously, to carry out such a program successfully 
requires a thorough knowledge of the character and magnitude of the 
different types of overvoltages to be contended with, and of the 
characteristics of various types of insulation for these different types of 
overvoltages. Analytical studies based on both laboratory and field 
experience have forced to the attention of the profession the fact that a 
system properly coordinated for one type of overvoltage (arcing 
grounds, switching surges) may not be properly coordinated for another 
type of overvoltage (lightning)—matters to which this chapter is 
devoted. 


OVERVOLTAGES 

Experiences Leading to the Coordination Movement. Systematic 
efforts at insulation coordination may be said to date from 1926. 
Previously, the insulation design of transformers was based on the 
customary low-frequency tests specified by the A.I.E.E. Standardiza- 
I ion Rules. Little attention was paid to coordinating their insulation 
I(‘vcl with the insulation level of the system in which the transformer 
was to be installed; and as for the abnormal voltages to be encountered, 
some provision was made in the transformer against lightning and 
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other relatively little-known higher-frequency overvoltages by pro¬ 
viding extra turn and coil insulation. This practice worked out satis¬ 
factorily in the high-voltage systems for many years, and would per¬ 
haps have continued to do so except for a departure in the line insula¬ 
tion practice as follows: 

In an endeavor to reduce line outages, the line insulation of some 
circuits was gradually increased until it was considerably above the 
general average. This was done without providing a corresponding 
increase in the insulation level of station apparatus; neither was light¬ 
ning protection always provided. The natural result was that trans¬ 
formers having a normal level of insulation, when connected to over¬ 
insulated lines and provided with no lightning protection, did not 
always give satisfactory service. 

Experience within the past few years has demonstrated two facts: 
(a) the most severe stresses resulting from abnormal voltages are 
caused by lightning; and (b) the level of the line insulation (at least 
that part of the line adjacent to the station), together with the tower 
footing resistance, determines the lightning voltage reaching the 
station apparatus. Switching surges and arcing grounds are now recog¬ 
nized as usually being less dangerous than lightning. 

Accordingly, since the most severe stresses are imposed by light¬ 
ning, the low-frequency test cannot be considered as an adequate 
criterion of the insulation level of the transformer. In other words, 
so far as coordination is concerned, the insulation level of the trans¬ 
former must be determined by the impulse strength of its insulation. 
Low-frequency tests are, of course, still retained, but their primary 
purpose is to insure against defective material and workmanship. 

The following pages discuss the general problem of coordination, 
starting with the nature of the overvoltages encountered on high- 
voltage systems; the characteristics of various insulations (air gaps, 
insulators, bushings, and transformer windings) under different types 
of voltages. 

Nature and Magnitude of System Overvoltages. Systen;i over¬ 
voltages to which a transformer in service may be subjected can be 
caused by (a) runaway voltage, (b) switching, (c) line faults to ground 
(arcing grounds), and (d) lightning. 

Runaway Overvoltages. Runaway voltages may reach under some 
conditions as much as 170 to 200 per cent of normal voltage; but with 
modern voltage regulators they will seldom exceed 130 to 140 per cent 
voltage. 

So far as the insulation strength of transformers is concerned, these 
overvoltages in no way affect directly the problem of coordination. 
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Indirectly they may have an effect because the voltage rating of certain 
protective devices, like lightning arresters, is dependent upoT the 
runaway ovetwoltages; consequently, the lower the runaway voltage, 
the lower the level of protection that can be provided ^ 

Overvoltages Due to Switching. The overvoltage phenomena 

of suddenf 7T''? overvoltages arising from reflections 

f suddenly applied voltage waves on the lines; overvoltages arising 

tZn the normal voltage, of the natural oscilla 

on of the system due to suddenly applied excitation; oscillations 
arising from the interruption of the current, particularly the inductive 



I'-iG. l.-Frequency Distribution of the Various Intensities of Switching Surges 

(Data from Table I.) 

rftv'Zi*’' Simple reflection 

of a VO tage wave from an open end, or from a highly inductive wind- 

. . I hcs of d fferent ranetante more complicated reflection, occur, 

rjjMfjie of building up higher overvoltages.* 

Hun-v switcliing surge overvoltages observed by means of 

- kc voltage recorders over a period of four years. The table illus- 
U. tts the important fact that the higher voltage surges occur verv 
-..frequently. Out of a total of 854 measured surges, only 4 (about 0.5 
* fox, Journal A.I.E.E., 1927, pp. 263-277. 
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per cent) were above 5 times normal. These data are plotted in Fig. 1 
on probability paper. Extrapolation for the higher voltages points to 
six times normal voltage as atfout the limit to be expected. The lower 
voltage end of the curve is not carried for surges less than 1.6 times 
normal voltage. 

In these tests, the surge voltage recorder gave an indication of the 
character of the wave front also. It was found that the lower-voltage 
surges are associated with relatively slow fronts, and the higher- 
voltage surges with more abrupt fronts. 

Overvoltages Due to Arcing Grounds. Laboratory tests indicate 
that overvoltages due to arcing grounds are of the same order of mag¬ 
nitude as those observed in the switching tests reported in Table I. 
Wave fronts are also of the same general character in both classes of 
phenomena, since the oscillations depend on the same circuit constants. 

It follows from the foregoing that insulation coordination adequate 
from the standpoint of switching surges will be adequate also from the 
standpoint of arcing ground surges. 

In territory free from lightning, the foregoing are the only over¬ 
voltages to contend with. But in territory exposed to lightning, it is 
found that the lightning overyoltages are far more serious than switch¬ 
ing and arcing ground surges, and are the controlling considerations 
in coordination. 

Overvoltages Originating from Lightning. Overvoltages on lines 
may originate from lightning either by electrostatic induction or by a 
direct stroke. 

Voltages Resulting from Electrostatic Induction. Fig. 2 shows a 
section of the electrostatic field caused by a charged cloud, over a 



Fig. 2, —Before Lightning Stroke—Transmission Line L and Ground at Samt 

Potential. 

transmission line L. The field consists of the portion ((x) between 
cloud and earth (including ground wire) and (6) the field between the 
insulated line and cloud. When the cloud discharges to earth, the field 


OVERVOLTAGES ORIGINATING FROM LIGHTNING 


461 


(a) collapses and completely disappears (in the case of a complete 
discharge), and field (&) is redistributed, most of the energy being 
transferred to the space 
The value of the induced 
voltage which appears 
on the line (as a trav¬ 
eling wave) immediately 
after lightning discharge, 
due to the presence of 
field (ft), depends on: (1) 
the height of the line 
above ground, including 
the effect of ground wire; 

(2) the voltage gradient 
established at the earth 
surface by the field of 
the cloud before discharge; and (3) a factor taking account of the 
rate of lightning discharge from the cloud. 

In general, lightning voltages originating from electrostatic induc¬ 
tion on a line are far less dangerous than overvoltages resulting from 
direct strokes on the line. 

Voltages Resulting from Direct Strokes. Lightning voltages result¬ 
ing from direct strokes may be divided into three general classes: 

1. Direct strokes at the station. 

2. Extremely steep wave fronts resulting from direct strokes on the 
circuits closely adjacent to the station. 

3. Traveling waves resulting from direct strokes on the circuit at 
an appreciable distance from the station. 

According to present available information a direct stroke may 
require as much as 10 m.s. to reach its crest. This may not give the 
impression of a very steep wave front. However, owing to the value 
of the crest voltage, the rate of rise of voltage in kilovolts per micro¬ 
second is extremely high, and the line insulator flashes over long before 
the crest value of the direct stroke is reached, the wave appearing on 
the line reaching its crest value thereby in a small fraction of the time 
required for the direct stroke to reach crest value. A 5- to 10-m.s. 
direct stroke is thus converted into a short wave with very steep front. 
When such a wave arrives at the station having a level of insulation 
(such as bus insulators, etc.) sufficiently low to cause another flash- 
over, the time to flashover may be still shorter. This is more likely to 
occur on relatively low-voltage circuits (where the line is supported on 
wooden poles whose impulse strength is very high in relation to the 


between line and earth, as shown in Fig. 3. 



Fig. 3. —Immediately After Lightning Stroke—- 
Cloud and Ground at Same Potential. 
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circuit voltage) than on lines carried on steel towers, where the impulse 
flashover voltage is limited by the number of insulators supporting the 
line. ' 

The line insulation together with the tower footing resistance are 
the deciding factors which determine the maximum lightning voltages 
resulting from direct strokes. It is quite possible that the maximum 
voltage imposed on a highly insulated and exposed line might be of 
the order of 10,000,000 volts. A voltage of this magnitude, however, 
is possible only on lines supported on tall wooden poles on account of 
the increased flashover due to the wood in addition to that of the 
insulators. For lines on steel towers the impulse voltage is limited by 
the flashover of the suspension insulator strings (which probably never 
exceed 2,000,000 to 3,000,000 volts at the most, even on 230-kv. cir¬ 
cuits) and the ground resistance. “ 

Direct strokes on the circuits near by also may impose on the 
station insulation a wave of very short duration, but with a crest value 
limited by the flashover of the line insulation at the point where the 
stroke occurred, unless the voltage tends to increase by reflection at 
the transformer, in which case it is limited by the flashover at the 
transformer terminals. If a flashover occurs near by, the magnitude 
of the wave imposed upon the station apparatus will also be influ¬ 
enced by the ground resistance and the current flowing. 

Traveling waves reaching the station from strokes at more remote 
points of the line will have slower fronts and lower magnitudes owing 
to attenuation than in either of the two preceding cases. 

No entirely satisfactory method is available for calculating the 
change in wave shape as the surge travels along the line, but Foust 
and Menger^^ have given an empirical*formula for the attenuation: 


in which x 
E 
e 

K 


Thus the higher the voltage the greater the attenuation; the short 
waves attenuate faster than long waves. 


E 


e — 


( 1 ) 


1 + KEx 

— miles of travel. 

= voltage of surge at point of origin. 

= voltage of surge after x miles of travel. 

= attenuation constant. 

= (approximately) 0.0006 for very short waves (flashed 

over on front). 

= (approximately) 0.0003 for short waves (5 m.s.). 

= (approximately) 0.00016 for long waves (20 m.s.). 
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It follows from the above that unless adequate care is exercised in 
the design of the line and station protective equipment from the stand¬ 
point of lightning, and the insulation of the different parts of the 
system is correctly coordinated, the transformer may be subjected to 
overvoltage greatly in excess of that for which it has been designed. 
In fact, the disparity between the possible lightning overvoltages which 
can appear across an unprotected transformer and the normal circuit 
voltage is so great that it is not economically feasible to design the 
transformer insulation to withstand them; and therefore adequate 
means of preventing these voltages from arriving at the transformer 
terminal must be taken if danger of breakdown is to be avoided. 

IMPULSE VOLT-TIME CURVES 

Test Wave Simulating Lightning Waves. An impulse voltage wave 
simulating a unidirectional lightning wave, which rises quickly to a 
crest and then decreases to zero, has been agreed upon by the industry 
for test purposes. It is necessary to specify three constants about a 
test wave; (a) the peak or crest value of the wave; {h) the time taken 



Fig. 4. —Shapes of Standard Impulse Waves to Represent Short and Long Lightning 

Waves. 


to reach crest value; and {c) the time taken to decrease to 50 per cent 
of its crest value measured from the beginning. It is further specified 
that the wave shall be smooth and free of oscillations. 

Although voltages due to lightning have a wide variety of wave 
shapes and in addition may be either positive or negative in polarity— 
all of which affect the flashover of air gaps, bushings, and insulators — 
yet, for the laboratory testing of insulating materials and apparatus, 
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it is desirable to select an impulse wave or waves of a definite shape 
and polarity as standard for test purposes. Two waves have been 
agreed upon, namely, the^ 1 X 5 positive wave and the 1.5 X 40 
positive wave, Fig. 4, for comparison of data obtained in various 
laboratories. The impulse wave in use in transformer testing at the 
present time is the 1.5 X 40 positive wave, requiring 1.5 m.s. to reach 
crest value and 40 m.s. from the beginning of the impulse to decrease 
to ^ crest value on the tail. 

Impulse Volt-Time Curves of Air Gaps and Insulation. Finite 
time is required to cause breakdown of a gap or insulation; the higher 
the voltage, the shorter the time necessary to cause breakdown. If the 



Fig. 5.—Method of Obtaining Volt-Time Curve on Rod Gap When Using a 1.5 X 40 

Impulse Wave. 

impulse strengths of all insulations varied to the same degree with 
duration of time of voltage application, the coordination problem 
would be a relatively simple matter, but this is not the case as will be 
shown later. 

Therefore, to coordinate the various kinds of insulation intelli- 
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gently requires the ''dielectric strength vs. time” or volt-time curve 
characteristics of each kind of insulation and protective apparatus. 

Air Gaps. Method 1. When either a rod gap or insulator string 
is flashed over with, say, a 1.5 X 40 wave just high enough to cause 
flashover, the point at which flashover takes place is well down on the 
tail of the wave (Fig. 5, wave 2). If the applied voltage is then increased, 
the flashover takes place nearer the crest (wave 3). As the applied 



Fig. 6.— Method of Obtaining Volt-Time Curve on Rod Gap When Using Impulse 
Waves with Varying Fronts. 


voltage is further increased, the value of the voltage at the instant of 
(lashover continually increases and eventually occurs on the front of 
the wave. The curve drawn through the flashover points of "time” 
and "kv.” (corresponding in amplitude to the "crest”) of each wave 
(not the kilovolts at the instant of flashover on the wave tail) is called 
the volt-time curve. From near zero time to where the flashover occurs 
on the crest, the curve is, of course, drawn through both the time of 
flashover and actual kilovolts at flashover. 
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f-r IV I a xv 

Number of Units 

Fig, 7.—Flashover Characteristics of Suspension Insulalors. s])a('iiig, 10" 

dia. 1.5 X 40 wave. Positive polarity. 0.6085'" hg. vapor pressure. 25° C. temp. 
76 cm. hg. pressure. All impulse values except full wave are tentative. 


VOLT-TIME CURVES OF AIR GAPS AND INSULATION 467 


Method 2, Another method sometimes used in obtaining volt¬ 
time curves is to vary the slope of the wave front (i.e., the time to reach 
crest) Fig. 6, and apply sufficient overvoltage in each case to cause 
flashover on the front. As the wave front becomes steeper, the ampli¬ 
tude at which flashover occurs gradually increases. A curve drawn 
through the points of flashover in kv. vs, time represents the volt-time 
curve. The main difference in the two kinds of volt-time curves is that 
the kv. values obtained by "front of wave," within the middle region, 
is slightly higher than kv. values obtained with the full waves— 



Fig. 8.—Sparkover Characteristics of Rod Gaps. Positive polarity. 1.5 X 40 wave. 
0,6085 hg. vapor pressure. 25° C. temp. All values except for full wave and 

60 cycles are tentative. 


Method 1. For very steep wave fronts both methods are similar and 
give the same kv. values. The approximate difference may be seen 
by comparing the two volt-time curves in Fig. 6 (dashed and solid 
curves). 

higs. 7, 8, 9, 10, 11, 12 and 13 show the volt-time curves of rod 
gaps of various spacings of standard suspension insulators (10-in. 
diameter, spaced in. apart) and Locke pedestal insulators, all 
('urves being determined by Method 1. 

Solid Insulation. Transformer insulations differ radically in three 
ri'spects from rod gaps, insulators, bushings, etc. (whose flashover 
insulating medium is air) in their impulse strength characteristic. 
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(a) Shape of Curve, In the first place the shape of the volt-time 
curve of insulation is quite flat as compared with the volt-time curve 
of an air gap. # 

Fig. 14 shows a volt-time curve made on oil-treated press- 

board immersed in 25° C. oil, the time ranging from a fraction of a 
microsecond to 490,000,000 m.s. (8.16 minutes). The curve can be 
divided into three distinct regions. 

The first region, marked A, extends from the beginning up to 3 m.s. 
In this region the dielectric strength decreases quite rapidly with 
increase in the time of application of the voltage. This portion of the 



Fig. 9. —Sparkover Characteristics of Rod Gaps. Negative polarity. 1.5 X 40 
wave. 0.6085" hg. vapor pressure, 25° C. temp. All values except for full waves are 

tentative. 


curve agrees very closely with the average of the data recently pub¬ 
lished ^ on barriers composed of solid insulation (pressboard) and oil 
in series tested between a flat plane and a square-edged electrode. 
Overvoltages were applied to obtain the short-time breakdown values 
which were measured by the cathode ray oscillograph. 

The second region, marked B, starts at the 3-m.s. point and extendi 
to approximately the 50,000-m.s. (-^ second) point. The dielectric 
strength is seen to be constant throughout this region. 

In the third region, marked C, the strength again decreaBes, 
rapidly at .first, and then more slowly, gradually becoming constant 
again. 


Kilovolts Crest 
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I'lG. 10.—Sparkover CharacterisLics of Rod Gaps. Positive polarity. 1.5 X 40 
wave. 0.6085" hg. vapor pressure. 25° C. temp. 
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Fig. 11.—Sparkover Characteristics of Rod Gaps. Negative polarity. l.S X 40 
wave. 0.6085" hg. vapor pressure. 25° C. temp. Curves extrapolated from testa 
on 10", 20" and 30" Rod Gaps with shielded divider. 
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Fig. 12.—Volt-Time Curves. Locke No. 7785 Pedestal Insulators. 1.5 X 40 wave, 
76 cm. hg. 25° C. 0.6085" vapor pressure. 
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So far as is known, the curve shown in Fig. 14 was the first complete 
volt-time curve obtained on insulation in America. Since its publica¬ 
tion® other curves have been obtained and published by Bellaschi and 
Teague, giving quite similar shapes of curves. The peculiar shape of 
the volt-time curve of insulation appears to be well established. 

Comparing the shape of the volt-time curve of insulation with the 
volt-time curves of either a rod gap or insulator string (see Fig. 15), 
one significant fact stands out. That is, the air gap curves not only 
start bending up about 8 to 10 m.s., as compared with approximately 
3 m.s. for insulation, but also have a much greater bend-up for short 
^ Times” to flashover. These differences in the bend-up characteristics 
of the curves are very important from the standpoint of depending upon 



Fig. 14.—Volt-Time Curve of Breakdown of Oil-Treated Press Board in Oil at 

a Temperature of 25° C. for Electrode Arrangement (see insert sketch). Breakdown! 
in region A occurred on cre^ or front of wave. 


air gaps to protect transformers, for the obvious reason that the spacing 
of the air gap must be much lower to protect against steep waves than 
to protect against long waves. 

(b) Effect of Repeated Voltage Applications. In the second plac6, 
unlike an air gap, the breakdown of insulation is decreased under 
repeated voltage applications. Tests have shown that on a full 1.5 X 40 
wave the repeated voltage strength of insulation or the injurious corona 
point ranges anywhere from approximately 70 to 90 per cent of the 
single-shot breakdown, depending on the kinds of electrodes usedi 
For bare electrodes with sharp edges corona may start (though not 
necessarily injurious) as low as 60 to 65 per cent, whereas for well- 
insulated electrodes corona may not start until about 90 per cent of the 
single-shot breakdown strength is reached. In the latter case when 
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corona starts it usually causes injury. For average conditions we can 
assume that injurious corona (or breakdown if subjected to sufficient 
number of shots) occurs at approximately 80 per cent of the slngle- 



Stri Winding, Insulator 

String, Rod Gap, Sphere Gap and Lightning Arrester based upon 1.5 X 40 Positive 

Wave. Short-time kv. values for rod gap and insulator string based on tenta- 

tive data. 

shot breakdown value. This applies to either solid or solid and oil in 
series. 

It follows, therefore, that the single voltage breakdown value of 
the transformer must be at least 125 per cent of the impulse kilovolts 
applied at the factory because, when an impulse voltage above the 
repeat^^ voltage strength is applied, even though failure does not 
occur, injury may result. 

Therefore, the single and repeated voltage application volt-time 
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curves for power transformers, Fig. 16, provide a gauge for determining 
the maximum kilovolts that can be applied during tests of transformers 
for any wave front or for any "time to flashover” maintaining a con¬ 
stant factor of safety. This applies, of course, only where the internal 
insulations (turn to turn and coil to coil) have as high a factor of 



Fig. 16, —Volt-Time Curves of Insulation, Consisting of Solid Insulation and Oil In 
Series (Simulating Major Insulation in a Power Transformer). A. Breakdown by 
single application of voltage.* B. Breakdown by repeated applications of 

voltage. 

* 1.5 X 40 impulse wave (positive or negative). 

safety or higher than the major insulation between windings and from 
windings to ground. 

(c) Maximum Time to Breakdown on Full Wave. In the third 
case, solid insulation has the peculiar characteristic that breakdown 
by puncture seldom occurs very much beyond the crest of the wav0| 
that is, for a 1.5 X 40 wave the minimum kilovolts breakdown timi 
will seldom occur beyond 2 or 3 m.s., whereas for an air gap it may bt 
as much as 8 to 10 m.s. and well down on the wave tail. Hence, tht 
two controlling factors in the breakdown of insulation by an impullt 
wave are (1) rate of rise of front, and (2) the amplitude of the wavt. 


IMPULSE RATIO OF INSULATION 


475 


In other words, the slope of the wave tail appears to have a negligible 
effect on the breakdown kilovolts. Just why the large differences 
occur in these “times” to breakdown is not clearly understood. On 
the other hand, failure of insulation in oil by creepage over the surface 
may occur well down on the wave tail similar to the flashover of an air 
gap. 

Oil. Fig. 17 shows a volt-time curve obtained * on a J-in. oil gap 
where the time ranged from approximately 0.2 m.s. to 1 minute. It 
will be noticed that the flat region extends over a shorter period of 



Fig. 17.—Volt-Time Curve of a !■" Oil Gap. (Taken by Bellaschi, Ref. 13.) 


time than it does for solid insulation, the time ranging from approxi¬ 
mately 10 to 1000 m.s. 

Oil and^ Solid in Series. Fig, 18 shows the shape of the volt-time 
curve obtained on an insulation barrier consisting of one sheet of -^-in. 
pressboard adjacent to each terminal and separated by a -j^-in. oil 
duct. These tests indicate that barriers having oil in series with solid 
have approximately tbe same shape of volt-time curve as solid alone. 
Other 60-cycle volt-time curves show^'^ a close similarity in the shape 
of the curves for both solid alone and oil and solid in series. 

Impulse Ratio of insulation. The ratio of the impulse full wave 
kilovolt strength to the 1-minute 60-cycle kilovolt crest breakdown 
strength is generally termed the "impulse ratio" of insulation. To be 


• By Bellaschi (Fig. 2, Ref. 12). 
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logical the impulse ratio should be based upon the instantaneous 
60-cycle strength, but this is not practical on account of the difficulty 
in obtaining reliable low-fre4uency breakdown values for times less 
than 1 minute, especially if the set-up or sample under test is expensive 
where a low-frequency volt-time curve is not practical. 

Even under the above definitely defined conditions the impulse 
ratio varies considerably depending partly upon: 

1. The shape of the electrodes. 

2. The arrangement of the insulations. 

3. The condition, of the material, because the time test (1 minute) 
is apparently affected more by temperature and moisture than is the 
impulse test. 

Various tests have shown that the impulse ratio for a 1.5 X 40 
wave and 60-cycle wave ranges'from about 2.2 to 3. The author 


A Region 


j 


' ^- B Region - 




Fig. 18. —Volt-Time Curve of Single Shot Breakdown of (2) Pressboard and 
Oil Duct in Series in Oil at 25° C. 


reported^ a ratio of 2.35 for a ^-in. pad consisting of two sheets of 
j^-in. pressboard in series with three -g-in. oil ducts. Vogel reported ® d 
ratio of 2.2 for relatively thick insulation barriers of pressboard and oil 
in series. 

Fig. 18 shows a ratio of 2.6 for two -^^-in. pressboard sheets sepa¬ 
rated by 2 ^-in. oil duct, and Fig. 14 shows 3.1 for a single ^^-in. press- 
board sheet. Bellaschi and Teague show a ratio of 3 for a 0.056-in. 
sheet of pressboard, and approximately 2.5 based on the flat part of 
the volt-time curve for a J-in. oil gap. Fig. 17. 

Tests made on complete transformer windings have given impulse 
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ratios varying from about 2.2 to 3, the general average being approx¬ 
imately 2.6, This applies only to single wave impulse strengths of 
major insulation. 

Where internal oscillations are permitted, as, for instance, In un¬ 
shielded transformers, not even an approximate value can be stated 
for the impulse ratio of the internal insulation under service conditions 
for the reason that there is no definite relationship between the 
60-cycle and impulse stresses. 

Under repeated voltage applications the impulse strength of the 
major insulation is obviously lower than 2.2 to 3 times the 60-cycle 
1-minute strength, the reduction depending upon the difference be¬ 
tween the impulse single voltage application and impulse repeated 
voltage application strengths of the insulations involved. Since the 
repeated impulse voltage strength of insulation is approximately 
80 per cent of the single impulse voltage strength, the (repeated) 
impulse ratio of insulations will range from about 1.75 to 2.4. There 
IS therefore no definite impulse ratio for all transformer insulations. 

Testing Transformers with Impulses Simulating Both Traveling 
Waves and Direct Strokes. It is obvious from the foregoing that the 
testing of transformers with the standard 1.5 X 40 wave, gives no 
indication of its ability to withstand steep waves resulting from direct 
strokes on or near its terminals. 

Classes of Waves. From the standpoint of impulse testing, impulse 
voltages may be divided roughly into two classes: 

First, waves which do not impose more severe stresses (more 
kilovolts) than are produced by applying the standard 1.5 X 40 wave 
kv. value. 

Second, waves which impose steeper fronts and greater kilovolt 
values than are produced under the first condition. A standard kv. 
value just sufficient to cause flash over of a rod gap connected In 
parallel with the transformer is specified in the first class because the 
application of an appreciable overvolt^e with a 1.5 X 40 wave will 
put it in the second class, as the " time to flashover ” will be greatly 
reduced and the kilovolts applied will be correspondingly increased 
owing to the shorter “time to flashover.” 

In general, the first class is associated with traveling waves, and 
the second class with direct strokes on the terminals or on near-by 
circuits. 

(a) Long Wave Tests. It was upon the first class of waves — that is, 
the 1.5 X 40 positive full wave—that the A.I.E.E. impulse test code 
was set up in 1933. The measurement of the test voltage was deter- 
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mined by a rod gap or test gap with standardardized spacings for the 
various low frequency tests. This method of making impulse tests 
on transformers continued urftil the latter part of 1937. 

During 1937 the N.E.M.A.^-E.E.Lf Joint Coordinating Com¬ 
mittee recommended that the impulse test level for transformers be 
changed from rod-gap spacing to voltage. Initially, that is, before 
the various laboratories standardized impulse flashover values for rod 
gaps, the rod gap as a voltage-measuring device served a very useful 
purpose because it assured that all manufacturers were applying the 
same impulse kilovolts to the transformers. 

During 1937 the Sectional Committee on Transformers, C-57, of 
the American Standards Association recommended J the impulse 
testing of transformers using the 1,5 X 40 wave with the test levels 
expressed in terms of voltage. See Table V. 

(b) Front of Wave Tests. Before tests with the second class of 
waves referred to on p. 477, generally called "front of wave” or 
"steep wave,” can be standardized, further consideration must be 
given to the factors involved in such tests. For example, one impor¬ 
tant factor is whether the rate of rise on the front of wave shall be the 
same or different for different voltage ratings of transformers. The 
present knowledge of direct strokes indicates that the rate of voltage 
rise is not constant over the whole front of the wave, being lower at 
the initiation of the wave and therefore probably the rate of rise corre¬ 
sponding to the most severe waves would have a lower value for lower 
rated circuit voltages than for the higher circuit voltages. 

Polarity of Waves. The difference between negative and positive 
flashover values of air gaps is maximum for long waves and decrease! 
as the waves become shorter. The bi^akdown strength of transformer 
insulation is the same for both positive and negative waves, and this ii 
true also of the protective kilovolt level of lightning arresters, and 
since the impulse test is specified by voltage, it is immaterial which 
polarity of wave is used when testing transformers. 

Typical Volt-Time Curves for 138-Kv. Transformer Winding, Air 
Gaps and Lightning Arresters. Typical curves for a 138-kv. tram* 
former winding, insulator string, 42-in. rod gap (formerly used as a test 
gap), sphere gap, and thyrite lightning arrester are shown in Fig. IS. 

The significance of these curves is that if a rod gap in air is set tO 
give a reasonable margin of safety for a long impulse wave (1.5 X 40 ) 

* Proposed American Standards and Recommended Practices for Transformerii 
Regulators and Reactors. 

I Edison Electric Institute. 

t National Electric Manufacturers' Association. 
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this margin between the gap and the transformer winding constantly 
decreases as the waves become shorter and steeper. For very short 
waves the margin may disappear altogether. 

It will be noted that the volt-time curve of insulation is quite 
similar in shape to the volt-time curves of both sphere gaps and 
lightning arresters—all being quite flat except that they bend up for 
wave fronts shorter than approximately 2 m.s. The increased voltage 
of the sphere-pp curve is caused by time-lag; on the.lightning arrester 
it is due mainly to the higher currents resulting from the higher 
impressed steep-wave-front voltage. 

Thpefore, to protect the transformer insulation against steep front 
wavp it is necessary either to keep steep waves out of the station or to 
provide protective apparatus having relatively flat volt-time curves. 

Protection of Transformers in Service. The problem of providing 
adequate protection to transformers in service involves many factors, 
and as it is only a part of the general problem of system and station 
protection, a full discussion of the details is outside the scope of this 
chapter. Briefly the problems to be considered are: 

1. The problem of protecting power transformers is dependent 
lapely upon local conditions. For instance, in a large station well 
shielded with overhead structures and connected to a circuit with 
average line insulation having a short section adjacent to the station 
protected by overhead ground wires, it is easier to protect transformers 
than it is in a small unshielded substation connected to a highly over- 
insulated line mounted on wooden poles unprotected by ground wires. 

2. Providing protection to distribution transformers (generally of 
the pole type) may differ in detail from that of protecting power trans¬ 
formers. For instance, one method of applying protective devices 
called interconnection is widely used. With this arrangement the 
ground wire of the lightning arresters or other protective devices for 
the primary winding is connected to the secondary neutral and some¬ 
times also to the tank. 

3. The problem is further complicated when old transformers, 
whose impulse strength is below standard, are to be protected, on 
account of the fact that protective devices themselves have limitations 
to their protective levels. For example, the protective level of light¬ 
ning arresters is sometimes limited by the dynamic overvoltages for 
which the arrester must be selected, and the minimum spacing of rod 
gaps IS hrnited by outages from switching surges and arcing grounds. 
Compromises must often be made depending upon the kind of service 
required. 

In all these cases the aim should be to keep the protective level 
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sufficiently low to prevent transformer failures; otherwise the protec¬ 
tive efforts are of no avail. 

There are, in general, fife methods of protecting stations and 
transformers, some of which may be used separately or in combination, 
depending upon the degree of protection desired by the operator. 
These are: 

L Overhead ground wires, shielding of the station and at least the 
first half mile of line. 

2. Lightning arresters at apparatus terminals. 

3. Expulsion protector tubes on first few line structures out from 
the station. 

4. Plain air gaps adjacent to or in station. 

5. Station capacitance. 

Some of the more important considerations are: (1) number and 
length of overhead ground wires; (2) volt-time curves, location of, and 
limitation of surge currents for lightning arresters; (3) proper loca¬ 
tion of expulsion protector tubes, when used with short lengths of 
overhead ground wires extending out from the station; (4) spacing of 
plain air gaps (where only partial protection is concerned) to give the 
maximum protection with the minimum permissible outages; and (5) 
the effect of station capacitance on modifying incoming waves. 

Complete Protection for Apparatus Within a Station. {Fig. 15). 
On the basis of present-day knowledge, the best protective arrange¬ 
ment consists of lightning arresters, supplemented by proper direct- 
stroke protection of the station, and overhead ground-wire protection ^ 
extending approximately 2500 feet from the station. This places the 
surge impedance of the line between the arrester and the nearest point 
of possible direct lightning stroke to tiie line conductor. Under these 
conditions, the modern arrester will limit the voltage to a value well - 
below the tested strength of the modern transformer. 

On circuits 110 kv. and above, if grounded-neutral lightning 
arresters are used, the economy of using transformer insulation of the 
next lower class may be justified, provided the protection of the sta¬ 
tion and the adjacent lines is considered adequate to keep the direct 
strokes from reaching the line conductors for a distance of at least 
2500 feet from the station. To obtain adequate protection, if the lines 
are highly insulated, the use of expulsion tubes may be essential at the 
entrance of the ground-wire section. 

The problem of protecting stations, power and distribution trani- 
formers is fully discussed in References J4, 15, 16 and 17. 


record of switching surges 


table I 


Times Normal Voltage Power Company. 

Pennsylvania Power and Light Co.t 
Ohio Power Co. 


New England Power Co... 
Electric Bond and Share Co.j. ’ 
New York Power and Light Co 


Total. 


376 

329 

47 

57 

45 


854 


243 

196 

27 

15 

5 


486 


91 

81 

8 

4 

1 


16 

21 

2 

2 


185 


41 


t jhcludes line to ° 1 <S tkiw Dorma 
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TABLE II 

i 

Flashover Voltages of Rod Gaps 


Barometer 760 mm., temperature 25° C. 
Humidity 6.5 gr./cu. ft. (0.6085 vapor pressure) 


Gap 

Spacing, 

INCHES 

Minimum Impulse Flashover Kv. Values 

60- Cycle 
Kv. 
R.M.S. 

1X5 Wave 

1.5 X 40 Wave 

Positive 

Negative 

Positive 

Negative 

0.5 

22 

22 . 

22 

22 

10 

0.75 

30 

30 

30 

30 

15 

1.00 

38 

38 

38 

38 

19 

1.50 

51 

51 

51 

51 

27' 

2. 

60 

60 

60 

62 

33 

3. 

76 

80 

75 

82 

45 

4. 

97 

102 

91-95* 

102 

55 

5. 

120 

125 

106-114 

123 

64 

6. 

143 

150 

128-141 

143 

72 

7. 

165 

174 

141-155 

163 

81 

8. 

187 

200 

159-166 

183 

89 

10. 

233 

246 

190 

224 

105 

12. 




259-271 


14. 




293-318 


15. 

340* 

352 

• 275 

309-342 

150 

20. 

440 

460 

350 

395-415 

200 

30. 

640 

670 

505 

575 

295 

*40. 

835 

885 

650 

740 

385 

SO. 

1035 

1100 

800 

910 

480 

60. 

1230 

1320 

945 

1070 

575 

70. 

1425 

1530 

1095 

1235 

665 

80. 

1620 

1745 

1240 

1405 

755 

90. 

1815 

1960 

1385 

1570 

835 

100. 

2010 

2170 

1530 




* Dual values due to unstable flashover characteristics of gap in this region. Cause not known. 

The 60-cycle and positive impulse wave values based upon data agreed upon by N.E.M.A,-E.£,I, Coordlnit- 
ing Comm ittee. 

Negative wave values are tentative and subject to change. 


FLASHOVER OF SUSPENSION INSULATORS 


483 


TABLE III 

Flashover Voltages of 10 in. X Sf in. Suspension Insulators 

Barometer 760 mm., temperature 25° C. 

Humidity 6.5 gr./cu. ft. (0.6085 vapor pressure) 


No. OF 
Units 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 


Minimum Impulse Flashover Kv. Values 


1X5 Wave 


Positive 


155 

285 

395 

500 

610 

715 

820 

930 

1040 

1145 

1250 

1355 

1460 

1565 

1670 

1775 

1880 

1985 

2090 

2200 




Negative 


160 

300 

410 

520 

635 

750 

860 

980 

1090 

1200 

1310 


1.5 X 40 Wave 


Positive 


150 

255 

355 

440 

525 

610 

695 

780 

860 

945 

1025 

1105 

1185 

1265 

1345 

1425 

1505 

1585 

1665 

1745 


Negative 


150 

260 

355 

420 

500 

585 

675 

765 

850 

940 

1030 

1120 

1205 

1300* 

1385* 

1470* 

1560* 

1650* 

1740* 

1830* 


60-Cycle 

Kv. 

R.M.S. 


80 

155 

215 

270 

325 

380 

435 

485 

540 

590 

640 

690 

735 

785 

830 

875 

920 

960 

1015 

1055 


• Extrapolated values. 

ing N.E.]if.A.-E.E.I. Coordinat- 

Negative wave values are tentative and subject to change. 
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TABLE IV 


Effect of ALfrixuDE on 60-Cycle Flashover 


Altitude Above 

Multiplying Fac- 

Altitude Above 

Multiplying Fac¬ 

Sea Level, 

tor of Relative 

Sea Level, 

tor of Relative 

feet 

Air Density 

feet 

Air Density 

0 

1.0 

8,000 

0.742 

1000 

0.965 

9,000 

0.714 

2000 

0.93 

10,000 

0.687 

3000 

0.894 

11,000 

0.66 

4000 

0.861 

12,000 

0.63 

5000 

0.829 . 

13,000 

0.636 

6000 

0.80 

14,000 

0.586 

7000 

0.77 

15,000 

0.563 
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TABLE V 

Standard Insulation Test Levels— Distribution and Power Transformers 
Standard Insulation Level 


Impulse Test— 1.5 X 40 M,S. Wave 




Rated 

Circuit 

Voltage, 

volts* 

Limit 
of Rated 
Trans¬ 
former 
Voltage, 
kv.f 

Distribution Transformers 

Power Transformers 

H 

>* 

Full 

Wave 

Volt¬ 

age, 

kv. 

Chopped Wave 

Full 

Chopped Wave 

u * 

^ > 

Volt¬ 

age, 

kv. 

Minimum 
Time to 
Flash- 

over, m.s. 

Wave 

Volt¬ 

age, 

kv. 

Volt¬ 

age. 

kv. 

Minimum 
Time to 
Flash- 
over, m.B. 

h 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

( 7 ) 

(8) 

(9) 

120 









240 

480 

1.2 

30 

36 

1.0 

60 

69 

1.5 

10 

600 , 









2,400 1 









2,500 f 

2.5 

50 

59 

1.25 




15 

4,160 1 









4,330 [ 

5.0 

60 

69 

1.5 

75 

88 

1.6 

19 

4,800 J 









6,900 

8.66 

75 

88 

1.6 

95 

no 

1.8 

26 

11,500 1 









13,800 1 

15.0 

95 

110 

1.8 

112 

130 

2.0 

34 

25,000 

25.0 

153 

180 

3.0 

153 1 

180 

3.0 

51 

34,500 

34.5 

195 

225 

3.0 

195 

225 

3.0 

70 

46,000 

46.0 

245 

290 

3.0 

245 

290 

3.0 

93 

69,000 

69.0 

345 

405 

3.0 

345 

405 

3.0 

139 

92,000 

92.0 

445 

515 

3.0 

445 

515 

3.0 

185 

115,000 

115.0 

540 

625 

3.0 

540 

625 

3.0 

231 

138,000 

138.0 

645 

750 

3.0 

645 

750 

3.0 

277 

161,000 

161.0 

750 

870 

3.0 

750 

870 

3.0 

323 

196,000 

196.0 

900 

1055 

3.0 

900 

1055 

3.0 

393 

230,000 

230.0 

1050 

1210 

3.0 

1050. 

1210 

3.0 

461 

287,500 

287.5 1 

1290 

1495 

3.0 

1290 

1495 

3.0 

576 

345,000 

345.0 

1540 

1785 

3.0 1 

1540 

1785 

3.0 

691 


* Theie circuit voltogei are thoie agreed upon by the “N.E.M.A.-N.E.L.A. Preferred Voltage Rating! for 
A,C. Syitemi and Equipment/' N.E,L,A. Publication 043, p, 12, and lupplemented by the A.I.B.E. Trans¬ 
former Subcommittee, Electrical Engineering, January, 1937, p. 32, Table I. 

t Theie values represent the maximum truuformer voltage raUng normally associated with the correapood- 
lag Insulation level These flfures may be used to designate the Insulation dass. 








































APPENDIX 


The 60-cycle and impulse wave flashover values of rod gaps under 
standard atmospheric conditions are given in Fig. 19. The 60-cycle, 
the 1X5 and 1.5 X 40 positive and negative full wave values are 
given in Table II. By "full wave” is meant a wave just high enough 
to cause flashover (on the tail of the wave). 



Fig. 19.—Sparkover Voltage of Standard Rod Gaps Full Waves Sea Level 0.6085 
Vapor Pressure. 60-cycle dry and impulse curves based on values agreed upon by 
E.E.I.-N.E.M.A. Laboratory Group, 
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The 60-cycle and impulse flashover values for standard insulators 
10-in. in diameter and Sf-in. spacing are given in Table III. 

Factors Affecting 60-Cycle and Impulse Flashover. The main 
factors affecting 60-cycle and impulse flashovers of gaps are humidity 
of the air, air density, and polarity of impulse waves. 



J .2 


.3 .4 .5 6 ,7 .8 .9 7.Q 1.1 1,2 

Inches of hfercury - ¥apor Pressure 


Fig. 20. —Humidity Correction Factors for Flashover Voltages of Gaps, Insulators, 
and Bushings. Based on average data from several laboratories. 


Humidity Corrections, The flashover kilovolts of air gaps increase 
with an increase in the humidity. 

Fig. 20 gives the humidity correction factors for flashover voltages 
of gaps, insulators and bushings. For less than 100-kv. flashover the 
correction decreases approximately in proportion to the flashoveri 
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For example, for SO-kv. flashover the correction is one-half that shown 
on the curve. 

Air Density, The 60-cycle flashover kilovolts vary inversely with 
the air density. Table IV shows how the air density varies with 
altitude. 

The few data available indicate that the impulse flashover of air 
gaps is not proportional to the air density, being decreased less than 
the 60-cycle flashover with decreased air density, especially for short 
impulse waves like the 1X5 wave. 

Polarity of Impulse Waves, The negative impulse wave flashovers 
of rod gaps and insulators are generally higher than the positive wave 
flashovers. The differences are shown in Tables II and III. 

Standard Insulations Test Levels—Distribution and Power Trans¬ 
formers. The present standardized test levels* for low-frequency 
and impulse tests of transformers are given in Table V. 
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7. “How to Design Ground Wires/or Direct Stroke Protection," by L. V. Bew- 
LEY, Electrical World, March 17, 1934. 

8. “Lightning Protection of Power Transformers Connected to Overhead Cir¬ 
cuits," by K. B, McEachron, General Electric Review, August, 1934. 

9. “Lightning Flashover on the Line or at the Station," by L. V. Bewley, Elec¬ 
trical World, July 14, 1934. 

10. “Effects of Time and Frequency on Insulation Test of Transformers," by 

V. M. Montsinger, A.I.E.E. Trans., Vol, 43, 1924, pp. 337-47. 

11. “Surge Voltage Investigations on Transmission Lines,” by W. W. Lewis, 
A.I.E.E. Trans., 1928. 

12. “Discussion by P. L. Bellaschi and Teague of ‘Breakdown Curve for Solid 
Insulation'" (Reference 6), Electrical Engineering, April, 1936, p. 399. 

13. “Dielectric Strength of Transformer Insulation,” by P. L. Bellaschi and 

W. L. Teague, Electrical Engineering, January, 1937, p. 164. 

14. “Station Protection," by L. V. Bewley and W. J. Rudge, General Electrical 
Review, August and September, 1937. 

15. “ Protection of Distribution Transformers," by D. D. MacCarthy and W. H. 
Cooney, General Electric Review, December, 1937. 

16. “Insulation Coordination and Protection of Power Transformers Against 
Impulse Voltage," by V. M. Montsinger, General Electric Review, October, 1937. 

17. “Coordination of Power Transformers for Steep-Front Impulse Waves," 
by V. M. Montsinger, Elec. Eng., April, 1938. 

18. “Recommendations for High Voltage Testing," E.E.I.-N.E.M.A. Joint 
Committee on Insulation Coordination. Electrical Engineering, Oct. 1940. 


INDEX 


A 

Absorption of heat, coefficient of, 298 

Admittance, transfer, 116 

Altitude, effect of, on heating, 292 

Ambient, effect on kv-a., 289 

Arcing grounds, 460 

Attent nation, transient voltage d is- 
tribution, 448 

Automatic operation, tap changing under 
load, contact-making voltmeter, 351 
line drop compensators, 349 
motor controls, 353-354-355 
time delay, 351 

Auto transformers, advantages, 231 
connections, comparison of, 249-250 
coratio, 232 

delta connection, 245-249 
disadvantages, 234 
double zigzag connection, 243-244 
extended delta, 246, 249 
four-wire T, 252 
motor starting, 258 
open delta, 247, 249 
paralleling, for, 168 
T-connection, 248-249 
three-phase to two-phase transforma¬ 
tion, 252-256 

three-wire L-connection, 252 
three-wire three-phase to four-wire 
two-phase connection, 252-255 
three-phase to six-phase transforma¬ 
tion, 256 

voltage stresses, 419 
B 

Band width, contact-making voltmeter, 
356 

Boost-buck, in tap changing under load, 
potentiometer connection, 340 
reversing switch, 338 
two-core regulating transformer, 341 
using two switching units, 338 


C 

Cables, temperature rise of, 299 
Capacitance, distributed, of transformer 
windings, 6, 435, 438 
Circulating current, delta-delta, 177 
parallel operation, single phase, 165- 
167 

Y-delta, 201 

Coefficient of absorption, 298 
Color of tank, effect of, on heating, 293 
Conduction of heat, 269 
Connections, auto-transformer, see Auto¬ 
transformers 

delta-delta, 172 to 182, 213 
extended delta, 428 
open delta, 170, 181, 183, 428 
phase transformation, 219-222 
in auto-transformers, 252-257 
potentiometer for tap changing, 340 
Scott, 220 

T-connection, 170-215 

tertiary delta, 191, 204, 205, 421, 424 

three-phase, 169 

Y-delta, 196-198, 201-203, 206, 215, 
216 

Y-diametric, 191 

Y-Y connection, 184-186, 189, 213 
Y-Y delta, 204-206, 216 
Zigzag, see Interconnected star 
Contact-making voltmeter, tap changing 
under load, 351 
Convection of heat, 274 
Cooling, after shutdown, 307 
classification of, 266 
water temperature, effect on temper¬ 
ature rise, 285 
Core loss, at full load, 15 
constituents of, 11 
curve, 9 

effect of harmonics on, 22 
effect of wave shape on, 12 
per pound, 8-9 

reduction to sine-wave basis, 11 
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INDEX 


Core type, three-phase, inversion, 425 
line grounds, effect on, 430 * 

third harmonics, 423 
Y-Y connection, 188 
Crest-ammeter method for determina¬ 
tion of exciting current, 17 

D 

Dielectric constants, 411 
Dielectric gradients, 412 
Dielectric losses, gases (air), 407 
liquids (transformer oil), 408 
solids, 408 

Dielectric strength, air for small spac- 
ings, 384 

effect of frequency on, 389 

effect of shape of electrodes on, 379 

effect of temperature on solids, 393 

oil, 393-403 

pyranol, 406 

solid insulations, 385 

theories of breakdown, 376 

variation, with thickness, 380 

with time of voltage application, 390 
Duty cycle operation, 312 

E 

Economy, apparatus economy of three- 
phase transformer banks, 169 
Eddy-current loss, calculation in wind¬ 
ings, 56^57 
error in, 14 
formula, 12 
reduction, 57 
transposition, 57-58 

Efficiency of three-circuit transformers, 
96 

Electrodes, dielectric strength as affected 
by shapes of, 379 
Emissivities of colors, 275 
Equivalent circuit, mesh, 107-108, 118 
multi-circuit transformers, 112 
non-triple harmonics, 39, 46 
of transformer, 67 
star, 90, 102 

three-circuit transformers, 89, 92 
two-winding transformers, 16 
Excitation characteristics, 8 
non-triple harmonics, 37, 52 
normal frequency, 8, 36 


Exciting current, crest ammeter method, 
17 

' curve, 10 

determination by calculation, 16 

harmonics of, 21 

inrush, 23 

joints, 10 

limits, 10 

power factor, 9 

reduction to sine-wave basis, 17 
significance, 8 
testing for, 11 
wave shape, 20 

F 

Fault, line, line to neutral, 144 
line to line, 145 

auto-transformers, 421, 425, 429 
Field, leakage, general equations, 78-80 
non-uniform, longitudinally, 76 
transversely, 74 
Flux, distribution, 68 

leakage flux, calculation, 69 
plotting, 82 
residual, 29-32 

G 

Gaps, rod gaps, 383, 467, 470, 487 
sphere gap calibration curves, 382 
Gradients, winding to tank, 283 
Grounding transformers, interconnected 
star, 191 

Y-delta transformer, 198 
Guides for operation of transformers, 314 

H 

Harmonics, available, 40 
calculation Of, 41 
distribution on lines, 44 
effect of load on lines, 45 
equivalent circuit of, 39 
experimental study of, 46 
non-triple, 37 
occurrence of, 38 
oscillograms of, 48-51 
triple frequency, auto-transformerii 
322, 421, 430, 432 
circuit connections, effect of, 186 
residual in Y-delta transformer, 208 
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Harmonics, triple frequency, r^sum6 of 
methods of eliminating third-har¬ 
monic flux, 191 
three-phase core-type, 423, 188 
use of Y-delta transformers to sup¬ 
ply third-harmonic magnetizing 
current, 201 

Y-connected transformers, 185 
Y-Y delta, 204 

Heating, see also Temperature 
heat transfer by combined radiation 
and convection, 280 
modes of heat transfer, 268 
transient, 300 

Humidity, corrections, 488^89 
Hyperbolic voltage distribution in trans¬ 
former windings, 439 
Hysteresis loss, formula, 12 
loop, 20 

I 

Images, method of, 82 
Impedance, calculation of losses, 53, 55 
components, 54, 55 
effective short-circuit impedance, 97 
equivalent circuit, 64, 67, 68 
interconnected phases, 109 
line fault, 145 

multi-circuit transformer, 88, 124 
negative sequence, 139 
neutral, 145 
percentage, 62 
positive sequence, 138 
series, 4 
shunt, 5 
test circuit, 53 
vector diagram, 64, 66 
windings in series, 101 
zero sequence, 140, 141, 145 
Impulse test, front of wave tests, 478 
long-wave tests, 477 
test waves, 463 

Inrush, see Magnetizing current 
Insulation, see also Dielectrics 
effect of treatment on absorption of 
moisture, 411 

mechanical strength as affected by 
temperature, 262 
volt-time curves, 472 
Insulators, pedestal, 471 
suspension, 466 


Interconnected star or zigzag, grounding 
transformer, 191 
line to neutral loads, 190 
single-phase loads, 213-216 
symmetry of, 170 
Y-zigzag, 86 

Interconnected systems, voltage and 
power factor control, 358 

Inversion, voltage inversion in auto- 
transformers, normal frequency, 
421, 424 

transient, 424-429 
L 

Lightning, over-voltages originating from, 
460 

Line drop compensators, tap changing 
under load, 349 

Load, division in delta-delta connection, 
173 

division in delta-delta—Y-delta, 171 
division in single-phase transformers, 
164 

division in three-circuit transformers, 
96 

line to neutral load, Y-Y connection, 
185,189 

simultaneous single-phase and three- 
phase, delta-delta bank, 182 
three-phase lines, 217 
Y-delta bank, 206 

single-phase, on three-phase banks, 213 

Load ratio control, see Tap changing 
under load 

Losses, core, see Core loss 
dielectric, 407 
dissipation of, 5 
eddy, see Eddy current 
hysteresis, 12, 20 
impedance, 53 

M 

Magnetizing current, see also Exciting 
current 

frequency, variation with, 438 
harmonics, 5 
inrush of, 5, 23 
components, 25 
delta-connected primary, 34 
effect of instant of switching, 31 
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Magnetizing current, inrush of, effect of j 
residual on, 30 
in three-phase banks, 33 
magr.itude, 26 
physics, 23 
prevention, 35 
probability, 35 
rate of decay, 27 
of three-legged cores, 34 
wave shape, 25 
Y-delta bank, 34 
Y-delta connection, 201 
Y-Y connection, 185 
Mechanical strength of insulation as 
affected by temperature, 262 
Moisture, effect on insulation, 411 
Motor controls, starting auto-trans¬ 
formers, 258 

tap changing under load, 353, 354, 355 
Multi-circuit transformers, efficiency, 
96, 97 

equivalent circuit, 89, 92 
four or more circuits, 112 
impedance, short circuit, 97 
necessity of, 88 
parallel operation, 98, 101 
physical interpretation of, 102 
regulation of, 93, 96, 123 
series, 101 

N 

Neutral, instability of, in Y-Y connec¬ 
tion, 184 

interconnected star, 190 
line 'to neutral load, in three-phase core 
type, 189 

in Y-Y connection, 185 
single-phase line to neutral load, 203 
Y-Y delta transformers, 205 

O 

Oil, coefficient of expansion of, 402 
dielectric constant of, 402 
dielectric strength, effect of air pres¬ 
sure, 398 

effect of dissolved air, 397 
effect of frequency, 401 
effect of shape of electrodes, 393 
effect of temperature, 401 


Oil, dielectric strength, effect of time of 
voltage application, 400 
effect of water, 402 
with different shaped electrodes, 395 
with small spacings, 395 
specific gravity, 402 
specific heat, 403 

temperature rise, over ambient of self- 
cooled transformer, 283, 304 
over ambient of water-cooled 
transformer, 285, 306 
winding rise over oil, 304 
viscosity, 402 

volt-time curve, 401, 475, 476 
Operation, guides for operation of trans¬ 
formers, 314 

Overload, emergency short-time over¬ 
load operation, 315 
re-current short-time overload opera¬ 
tion, 315 

P 

Parallel operation, general principles of, 
164 

three-circuit with two-circuit trans¬ 
former, 98 

two three-circuit transformers, 100 
unequal ratios, algebraic solution, 165 
unequal impedances, approximate al¬ 
gebraic solution, 167 
^xact graphical solution, 166 
Pedestal insulators, volt-time curves, 
471 

Permittivity, see Dielectric constant, 411 
Phase-angle control, current distribu¬ 
tion in loop for minimum losses, 371 
impedance angles, effect on current 
distribution in loop, 369 
open and closed loops, 366 
simultaneous in-phase and phase- 
angle control, 373 
transformer connections for, 372 
Phase transformation, in auto-trans¬ 
formers, 252-257 

three-phase, two-phase, analysis of, 
220 

balanced T or Scott connection, 
219 

general method of analysis, 222 
regulation of, 221 
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Phase transformation, two-phase to 
three-phase connections, 219-228 
unbalanced T, 222 
Polarity of impulse waves, 478 
Potentiometer connection, tap changing 
under load, 334, 340 

Protection of transformer in service, 479 
Pyranol, description of, 403, 407 

R 

Radiation, 272 
transfer of heat by, 273 
Ratio adjusters, 342 
tap changing equipment, 342 
Reactance, calculation, 69-87 
correction factors, 76, 79 
cylindrical coil designs, 75 
field non-uniform transversely, 74 
field non-uniform longitudinally, 76 
flat coil designs, 75 
generators, 162 

interconnected phases, 109-111 
line, 162 

magnetomotive force diagram, 73 
method of images, 82 
negative, 103 
negative sequence, 139 
positive sequence, 138 
summation formula, 84 
tap changing under load, 4 
tolerance, 87 
Y-zigzag 

zero sequence, 140 
zero sequence tables, 141 
Reactors, inherent reactance of trans¬ 
former, 334 

parallel operation of transformers, 168, 
tap changing, 326, 345 
Regulation, open delta, 181 
multi-circuit transformer, 123 
Scott connected transformers, 221 
single circuit, 93 
three-circuit transformer, 93 
Residual flux, 29-32 
Resistance, effective, 55 
negative, 104-107 
ohmic, calculation of, 55 
Resistivity, thermal, 270 
Resistor, tap changing, 338, 343 
Reversing switch, tap changing, 338 
Rod gap, volt-time curves, 467, 468, 469, 
470, 487 


S 

Scott connection, see Phase transforma¬ 
tion 

Shielding of transformer windings, 7, 
450^55 

Short circuit calculation, general formu¬ 
las, 126, 154, 159, 160 
line to line, 126, 136 
multicircuit transformer, example, 120 
neutral-shift curves, 155, 156 
single-phase line to neutral, 126, 134, 
144 

symmetrical-components method, 125, 
163 

Short-time overloads, recurrent, 315-319 
emergency, 315-320 
Silicon steel, 1 

exciting current, 9, 10 
Sphere gap calibration curves, 382 
Static plate, effect on transient voltage 
distribution, 450 

Summation formula for composite system 
of windings, 84 

Suspension insulators, volt-time curves, 
466 

Switching surges, 459 
Symmetrical components, method of, 
125, 163 

applications, 140 
determination of sets, 131 
line and coil voltages, 128 
meaning, 126 

meaning of impedances, 138 
testing, 152 

zero sequence, 146, 152 
zero sequence impedance tables, 
141, 143 

Synchronous condensers, comparison 
with tap-changing equipment, 363 

T 

Tanks, effective surface of a corrugated 
tank, 282 

repainting tanks in field, 295 
Tap-changing under load, 4 
application, 358 

influence of reactance on voltage steps, 
330 

physics of tap-changing, 324 
transformer circuit diagrams, 336 
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Tap-changing under load, voltage change 
during switching cycle, 333 
voltage steps, 356 
Telephone interference, 204 
Temperature, altitude, effect of, on, 292 
cables, temperature rise of, 299 
color of tank, effect of, on, 293 
cooling, water temperature, 285 
gradients, winding to cooling medium, 
283 

high temperatures for short periods, 
264 

k-va. v^-ingoing water temperature, 290 
k-va. vs-room temperature, 291 
temperature rise with varying loads, 
313 

temperature standards in transformer 
rating, 264 

temperature, effect of, on oil, 263 

on mechanical strength of insula¬ 
tion, 262 

transient heating, 300 
types of transformers, k-va., 266 
variation of kv-a. with ambient for con¬ 
stant winding temperature, 289 
winding rise above ambient, 287 
Tests, excitation, characteristics, 11 
impedance test, 53 
long-wave impulse, 477 
mesh network, 108, 114 
test waves, 463 

Three-circuit transformers, 93, 96 
Three-phase to two-phase transforma¬ 
tion, see Phase transformation 
Thyrite, definition of term, 424 

in auto-transformer neutral, 421, 433 
in tap-changing equipment, 338, 345 
Time delay, tap changing under load, 351 
Tolerance, in reactance, 87 
Transient, influence of wave shape, 447 
rectangular waves, 443 
voltage characteristics, 438, 439 
Transient Inversion, 424-429 
Transposition, 57-62 


V 

Valves, rectangular, 443 

Vapor pressure, effect on sparkover volt¬ 
age, 488^89 

Vectors, diagram of transformer, 64 
line and coil, 128 

Voltage control equipments, see Tap 
changing under load 

Voltage stresses in auto-transformers, 
classification of abnormal voltages, 
419 

line faults, 421, 425, 429 
line transients, 423 

neutral grounded, system neutral 

^ grounded, 420 

system neutral isolated, 421 

Volt-time curves, 464 
insulation, 472 
methods used, 464 
oil gap, 476 
pedestal insulators, 471 
rod gaps, 467, 468, 469, 470 
suspension insulators, 466 
transformer rod gap, lightning arrester, 
etc., 473 

W 

Water temperature, effect of, 285 

Wave shape, alteration within trans¬ 
former winding, 448 
in^uence on transient voltage distribu¬ 
tion, 447 
rectangular, 443 

Winding, rise above ambient tempera¬ 
tures, 287 

Y 

Y-Zigzag, reactance, 86 
Z 

Zigzag, see Interconnected star 





